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This is not a book on ealculus or analytic geometry 
(the market is flooded with them) ; nor is this a book 
on engineering or any branch of it. The book is intended 
to enable an engineer to make a better and more extended 
Tise of higher mathematics in his work. The purpose of 
the book may be best amplified by a parable. 

In a manual-training school (on the moon) machinist 
apprentices were taught their trade in the following 
manner: During the first year they had a highly 
theoretical course on the subject of various tools 
used on lathes, planers, boring mills, miUing machines, 
etc. The shapes of the tools were derived and ex- 
plained in detail on compUcated drawings; most gen- 
eral theorems were proved concerning these tools; it 
was shown how to design these tools, not only for a 
■ few simple practical cases, but principally for many 
hypothetical cases which were supposed to be of some 
importance on Mars. This latter part of the course 
was justified on the plea of mental gymnastics. No 
actual machine-tools were provided in this department 
and no practice was afforded the student in the use of 
the tools. 

During the next two years the students were required 
to finish, fit, and assemble the parts of various engines 
and other pieces of mechanical apparatus. Had they 
been previously trained in the use of machine-tools, their 
shop-work would have been much simplified. But their 
highly theoretical information about tools was of do 
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IV PREFACE. 

use to them, even if they had not forgotten it during 
the summer vacation. At any rate, they did not pos- 
sess enough manual skill to put even an iron rod in a 
lathe and turn it down by a millimeter or two. So 
they preferred to use the old-fashioned chisel and file, 
and finished most of their parts in a vise. And their 
teachera acquiesced in this way of doing things, partly 
because they did not consider it to be their duty to 
teach the use of tools, since that was a part of the 
freshman-year instruction and was taught by another 
department, and partly because, having gone themselves 
through a similar school, they considered such a lack 
of correlation in teaching to be inevitable. Some 
teachers even considered this state of afi'airs to be a 
fundamental law of nature, second only to the law of 
gravitation. 

But a heretic, an anarchist, an iconoclast, is sure to 
appear on the stage sooner or later. Such a one made 
his appearance one day and ■ began undermining the 
pillars of the time-honored system. He claimed that 
it was wrong to instruct freshmen in the theory of the 
tools, without having appUcations and practical shop 
work going hand in hand. His idea was to show the 
student one or two simple tools and to apply them im- 
mediately to finishing a few pieces of work in a suitable 
machine-tool. In other words, according to this man, 
knowkdge and skill, or science and art, ought to be ac- 
quired simultaneotisly. The reformer insisted that with 
this method of instruction the knowledge gained would 
become organic with the student, instead of being on 
the surface only. Besides, said he, modem psychology 
shows that interest is a paramount factor in education, 
and appUcations are always more interesting to an 
averse student than a general theory. He was per- 
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fectly willing to grant that with his method, consider^ 
ably less ground could be covered in pure theory during 
the first year; but then he claimed that machinist 
apprentices needed only a few simple tools during the 
next year's work, and that enough time could be spared 
later on to give an advanced course in the theory of 
special and fancy tools to those who desired it. This 
time could be ^ared, because the practical knowledge 
and skill in the use of tools, acquired during the first 
year, would enable the students to accomplish their 
shop-work in less time. 

While it may seem incredible that mechanic arts 
should be taught anywhere in the ridiculous way 
described above, yet it is a fact that mathematics is 
most universally taught to engineering students in 
a similar fashion, without any correlation whatever 
with their profession. The student is first filled with 
analytics and calculus, as if he expected to become a 
piu^ mathematician. Then, very little of this mathe- 
matics is used in the engineering coiu^es, partly be- 
cause the students find it very difficult to follow, and 
partly because many professors of engineering them- 
selves have not enough grounding in mathematics to 
feel at ease in it and to make it interesting and attrac- 
tive to their students. The case is somewhat similar 
to that of modem languages. The engineering facul- 
ties insist that students shall acquire proficiency in 
French and German, while the students know perfectly 
well that most of their teachers never read foreign 
books or magazines. The old saying about the mote 
and the beam in the eye involuntarily suggests itself. 

The heretic who first raised his voice against the 
unsatisfactory teaching of mathematics to engineering 
students, and who showed the way out of it, was the 
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noted Britieb engineer and educator, John Ferry. In 
his "Calculus for Engineers" (1897), he limits the 
theory to a minimmn, and gives a lai^e number of 
examples taken from various branches of engineering. 
After the student has mastered the differentiation and 
the integration of a few principal functions and has 
solved a lai^ number of practical engineering problems, 
involving these functions, he is led into a more general 
theory of differentiation and integration, somewhat aa 
it is done in the ordinary courses in calculus.* 

Perry's pioneer work, and the so-called "Perry 
Movement" for teaching mathematics in a practical 
way, will forever remain important monuments in the 
history of engineering education. Like any other pio- 
neer work, Perry's Calculus proved to possess some de- 
fects when used as a regular textbook, and several similar 
works by other writers followed it (see Appendix). 

This book differs from that of Perry and his followers 
in two respects: 

(1) An elementary knowledge of analytics and cal- 
culus is presupposed; 

(2) The arrangement of the chapters is according to 
the engineering topics and not according to the mathe- 
matical functions or operations. 

It is not necessary to burden a book of this charac- 
ter with the theory of analytic geometry and calculus, 
because it is treated in numerous excellent works, 
large and small. The names of some of these books 
are given in the list at the end of this book. This book 

* For a detailed development of thia idea in application to all ei^- 
neering subjeota, see V. KarapetoS, "On the Gonoentric Me4,hod of 
Teachii^ Electrical Enpneerine," in TTan». Ajiut. Inst. Eleetr. Engri., 
Vol. 26 (1907), p. 1441; also hja paper " On the Concentric Method of 
Education in Enjpiieaing," Ptoc. Soe. Promotion Eng. Edvc., Vol. 16 
(1908), p. 2S8. 
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k intended to supply the engineermg applications and 
reasoning not found in the other books. The arrange- 
ment by engineering topics permits the giving of more 
interesting examples than if they were arranged accord- 
ing to the mathematics functions or operations; namely, 
having explained to the student the piupose of a simple 
engineering appliance, such as a belt or a flywheel, the 
teacher can give a number of mathematical examples 
on these appliances, from the most elementary to the 
most difficult, without going into engineering practice. 
In other words, the aim is to enable a teacher of math- 
ematics to give a large nimiber of practical problems, 
with very little engineering information. All the nec- 
essary explanation in regard to the construction and use 
of each device is given at the beginning of each chap- 
ter, so that it is not necessary to look up any books 
on machine design. However, a list of such engineer- 
ing works will be found at the end of this book. 

In accordance with the above-described purpose and 
plan of the book, the following possible uses of it are 



(a) As a problem book in connection with a regular 
course in analytics and calculus. 

(b) As a textbook in a supplementary course (after 
the completion of a brief course in calculus) taught 
in the department of mathematics for the purpose of 
fixing the mathematical operations in the mind of the 
student and preparing him for the engineering subjects. 

(c) As a textbook in a course in Engineering Mathe- 
matics, taught in the junior or in the senior year by 
an engineer, to illustrate the methods of engineering 
research and analysis. 

(d) Asa. text- or reference-book in a seminar for grad- 
uate students in engineering. Most of these men come 
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to colleges with a knowledge of calculus which is 
anything but good, and consequently are handicapped 
in their research and in understanding the literature of 
the subject upon which they are working. 

(e) As a study book for teachers in engineering and 
for practicing engineers, who require mathematics in 
their work and feel that they need a "brushing up" 
in order to be able to follow intelligently books, magar 
zines, and transactions of engineering societies. 

The author wishes to emphasize that while he has 
selected his problems from the theory of machine 
elements, the book is equally useful to engineers of 
all kinds. It is the reasoning and the practice in 
the use of calculus and analytics in the solution of 
engineering problems that is of importance, and not 
the particular kind of appliances to which the problems 
refer. However, the author has also collected for his 
students a lai^ number of problems taken from 
HydrauUcs, Strength of Materials, Thermodynamics, 
and Electrical Engineering. It is his intention to pub- 
hsh these problems in similar small volumes. 

The author wishes to acknowledge with thanks the 
moral support, encouragement, and assistance on the 
part of some members of the mathematical faculty of 
Cornell University — in particular, Professors James 
McMahon and F. R. Sharpe. Mr. John G. Pertsch, 
Jr., instructor in electrical engineering in Sibley College, 
read the manuscript and the proofs of the book and 
checked the solutions of the problems. To him the 
author is under obhgation for the care with which the 
work was done. 

CoBMBLL Umversitt, Ithaca, N. Y. 
Seplember, 1911. 
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A DIALOGtJE 

Bbtwcen the Prospective User of the Book and the Author. 



Prospective User. — You assume in your book that 
I can difTerentiate and integrate almost any function, 
but such is not the case. 

Author. — I assume only that sometime you have 
studied the elements of calculus, and that by referring 
to your old books you can refresh your memory as to 
the processes of differentiation and integration. The 
specific information, such as formulae, routine transfor- 
mations, etc., you will find in the reference books by 
Seaver, Claudel, and Peirce, mentioned in the Appen- 
dix. You should have at least Seaver's book for 
reference, while studying my book; this will save you 
considerable time. 

P. U. — Yes, but even where you indicate the 
solution you seem to omit important steps in trans- 
formations; at least so it appears to me because your 
deductions and proofs are so short. 

A. — Engineering problems and deductions must 
be short, because the assumptions made in the begin- 
ning are somewhat crude anyway. In solutions I omit 
only such steps as are taken according to the well- 
known rules of elementary or higher mathematics. 
The student has no choice there and is sure to fill in 
the omitted parts correctly. If I should give the 
details of tranformations, the principal reasoning would 
be obscured. 
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P. U. — This may be so, but I had my algebra and 
trigonometry so long ago that I am not certain even 
about the simplest transformations and relations, and 
I should much rather have them indicated in your 
book. 

A. — No one remembers all the formulae, relations, 
and transformations, not even a professional mathe- 
matician. I want you to go back to yom- old books 
and to the reference books of which I spoke before, 
and get the specific information which you need in 
each problem. In this way you will learn much more 
and will remember better than if I gave you all the 
steps. The profit derived is in proportion to the indi- 
vidual effort made and not according to the number of 
pages gone over in a perfunctory way. 

P. V. — I am willing to grant you this point, but 
I want you to understand that I am no exception as 
far as the knowledge of elementary mathematics is 
concerned. I think my knowledge of it was above 
that of an average student, but I never used enough 
of algebra or trigonometry to make my knowledge 
organic. Do you not think that we ought to have, 
in the freshman year, problems on engineering apph- 
cations of elementary mathematics, before we embark 
on analytic geometry at all? My principal difficulty 
with higher mathematics was that I could not follow 
the algebraic transformations fast enough, and there- 
fore lost the principal thought. I always felt like a 
man who came to the theater in the middle of the sec- 
ond act, and tried to follow the plot of a compUcated 
play. 

A. — I fully agree with you there. Colleges of 
engineering ought to see to it that the course in tUAthe- 
matics begins with a series of practical problems in 
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elementary mathematics, before analytics or calculus 
are touched at all. Saxelby's book, mentioned in the 
Appendix, is very good for the purpose. I trust that 
someone will write a small book on the engineering 
applications of elementary mathematics. As for you, 
I am certain that you will incidentally acquire a con- 
siderable fluency in algebra and trigonometry by solv- 
ing the problems in my book. 

P. U. — You do not give much numerical work in 
your book. Do you not think that fluency in com- 
putations is quite essential for the engineer? 

A. — I do, and I require numerical computations in 
those problems where such computations or the numer- 
ical results bring out a new point. To do more than 
this would distract attention from the principal aim 
of the book. This aim, as you understand, is to train 
the engineering student in such reasoning in his pro- 
fession where higher mathematics can be used to ad- 
vantage. I even avoided ^ving numerical coefficients 
wherever possible, because such are given in engineer- 
ing pocket books and handbooks. Please do not as- 
cribe much importance to the numerical data in the 
problems. They are given merely for exercise. 

P. U. — You have just mentioned engineering reason- 
ing. Is it any different from that used in other sciences? 

A. — I should have said reasoning in application to 
engineering problems. It means first to "size up" the 
problem in regard to the physical laws involved and 
the empirical assumptions to be made. After this, 
the problem is to be clothed in a mathematical lan- 
guage. Then comes the solution, with the necessary 
transformations, approximations, etc. The result must 
be analyzed as to its applicabihty to the particular 
practical problem. This means going back to the 
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physical laws and to the engiiieering assumptions 
made. It ia always advisable to apply the solution to 
at least one set of numerical data, or, stUl better, to 
some average data and to extreme data. The numer- 
ical results often suggest a new solution, different 
assumptions, another approximation, or at least a 
different form of the solution. ' ■ 

P. U. — What you have just enumerated really 
requires a man to be a competent engineer, and at the 
same time a first-class mathematician. This is a rare 
combination. Cannot two men, an engineer and a 
mathematician, solve such problems together, in a 
cooperative way? 

A. — Yes, they could if they understood each other 
better than they do now. They could if the engineer 
Were able to put his problem into the mathonatical 
language, stripping it of all the descriptive factors 
which cannot be expressed by formulie; and if the 
mathematician had a little engineering feeling which 
would enable him to suggest more suitable fundamental 
assumptions, and to present the solution in a form 
which would not scare a practician by its very size. 
My book is intended to bring these two classes of 
men into a closer relation. Suppose that you were in 
France and had to write a letter in French. If you knew 
the French language well enough to explain the con- 
tents of the proposed letter to someone, you would 
find any number of French people who would write 
this letter for you in correct French. Or else, you 
would have to find a French person who knew enough 
English to understand your purpose. 

P. U. — Don't you think that this lack of under- 
standii^, this chasm between theory and practice in 
this coimtry, is gradually closing up? 
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A. — I most certainly do, and I will tell you the 
reason why. At first we had in this country only 
practical practicians and theoretical theoreticians. 
They were like two persons who spoke different lan- 
guages and did not care for each other's point of view. 
Now we have two classes of middlemen in the field: 
theoretical practicians and practical theoreticians. 
This apphes not only to engineering and mathematics, 
but to nearly all forms of human activity. A practical 
theoretician is usually a professor of apphed mathe- 
matics or physics, who fully understands the language 
of the theoretical mathematician and at the same time 
is full of desire of applying the results of the theory to 
the solution of practical problems, though he may not " 
know exactly what is needed in practice. A theoretical 
practician is usually a professor of engineering, or an 
expert in the employ of some industrial corporation. 
He is fully conversant with the practical conditions, 
and sees the need of solving certain practical problems 
in a rational way by means of mathematics, but he 
is not enough of a mathematician to tackle these prob- 
lems himself. Now, the theoretical practician and the 
practical theoretician have enough in common to 
understand each other, to sympathize with each other, 
and to solve problems cooperatively. In so doing 
they draw for information upon the theoretical theo- 
retician and the practical practician, and thus bring 
these two classes of people to serve each other. 

P. U. — Then, using your analogy, I would say 
that the theoretical theoretician is a man who speaks 
French only, and a practical practician is a man who 
speaks English only. A practical theoretician is a 
Frenchman who is fond of English and dabbles a little 
in it. A theoretical practician is an Ei^lishman who 
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loves French and understands it a little when it is not 
spoken too fast. These two men become friends, 
and through them the "French-only" person is made 
to understand the "nothing-but-English" individual. 

A. — This is exactly what I meant. 

P. U. — Well, now that I understand the purpose of 
your book and the method of studying it, the task does 
not seem so difficult to me. I guess I'U get "busy at 
once on that first chapter about the inclined plane. 

A. — Yes, and see to it that you climb up that plane, 
and not roll down. 
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ENGINEERING MATHEMATICS. 



INCLINED PLANE AND SCREW. 

A LOAD L, weighing P kg. (Pig. 1), is hauled up an 
incUned plane AB at a uniform speed, by a horizontal 
force of Q kg. It is required to find e, the angle of 
inclination of the plane, such that the mechanical effi- 
ciency of the arrangement may be a maximxmi. The 
mechanical efiSciency is defined as the ratio of the 
useful work performed to the total enei^ expended. 

Let the load move a distance s along the inclined 
plane; the useful work performed against the force of 
gravity P is then P • s sin ft, where s sin is the distance 
traversed by the load L against the direction of the 
resisting force P. Similarly, the work expended by 
the moving force Q is Q ■ s cos $. According to the 
definition g^ven above, the efficiency 

Fssintf P. „ ,-,-. 

^ = 7^ ; = 7: tone (1) 

Qscose Q 

The amount of work expended by the moving force 
Q is lai^r than that merely required to lift the weight, 
because the force Q has, in addition; to overcome the 
friction between the load and the plane. In order to 
determine the ratio between P and Q, it is therefore 
necessary to consider the force of friction. Thte force 
is found, by experiment, to be proportional to the nor- 
mal pressure between the rubbing surfaces, and to be 
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IChap. I. 



directed so as to oppose the motion. In Fig. 1, N 
represents the normal pressure of thf plane upon the 
load, and iiN is the corresponding force of friction. 
The factor of proportionality n is called the coefficient 
of friction; its numerical value depends upon the mate- 
rials, finish, and lubrication of the rubbing surfaces. 




Fig. 1. — Diagram of forces for an inclined plane; the load being 
moved upward by a horizontaj force. 

The force R, being the resultant of N and /xJV, repre- 
sents the total reaction of the inclined plane upon the 
load. It will be seen that this resultant is inchned at 
an angle ^ from the normal, such that 



tan * = 



(2) 



This angle is called the angle of friction; the amount of 
friction between two surfaces can be indicated by giving 
either the value of /i or the angle *, the two being 
connected by Eq. (2). The load P is moving, by as- 
sumption, at a imiform rate under the influence of 
the forces P, Q, and R; hence these three forces must 
be in equilibrium. In other words, the resultant, LT, 
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of P and Q must be equal and opposite to the force R. 
It will be seen from the figure that the angle PLT 
= + it>, so that 

Q=Ptan(fl + *) (3) 

Substituting this value of Q into Eq. (1) gives 

_ tang - ., 

" ~ tan (tf + «) ^ ' 

Thus, the efficiency depends only upon the angle of 
inclination $ and upon the angle of friction 0, and is 
independent of the weight of the load. To find the 
value of 0, for which the efficiency becomes a maximum, 
we equate to zero the first derivative of 11 with respect 
to 0. This gives the following equation for 0: 

— i- ■ tan (0 + <t>) = — r-r— — r ■ tan $. 
cos* cos* (0 + *) 

The efficiency n is a maximum when satisfies this 
equation. Replacing the tangents by the ratios of the 
corresponding sines and cosines, it is found, after re- 
duction, that 

sin 2 {d+<t>) = sin 2fl. 
Now the sines of two angles are equal, either when the 
angles themselves are equal, or when the sum of the 
anises is 180 degrees. The first assumption leads to 
^ = 0, and thus p = 0; in other words, there is no 
friction. In this case the efficiency is equal to 100 
per cent at any value of S, since there is no source of 
loss of work. Moreover, in this case it in Eq. (4) is a 
constant = 1, so that there is no question of a maxi- 
mum. The second assumption gives 

2 (fli + *) + 2 fii - 180 degrees, 
from which 

».-«°-| (6) 

Here 0i is the value of for which 1} is a nn^.vimiim. 
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The smaller the friction the nearer $i approaches the 
value of 45 degrees; the presence of friction reduces 
the value of this angle of inclination. Thus, for in- 
stance, if the angle of friction * = 10 degrees, the best 
angle to use for an inclined plane is 40 degrees; if 
= 20 degrees, 9i = 35 degrees, etc.* 

Prob. I. — The coefficient of friction between cast iron and steel, 
under certain conditions, is 0.347. At what ai^e 0i is the efficiency 
of the inclined plane a nuximum? Ans. 35° 26'. 

Prob. a. — Show that the Eq. {S) is equivalent to the relation 
tan 2 8,= -; check the answer of Prob. 1, using this formula. 

Prob, 3. — Show that ^nu,, = tan' Si, by substituting Eq. (5) 
into formula (4). 

Prob. 4. — Plot curves of the most advantageous angles of in- 
clination, and of the corresponding efficiencies, to values of coefficient 
of friction as abscissK, Ijetween the limits of *i = 0, and « = 0,5. 
Ana. The extreme ordinates of the curves are: 



0,5 31=43' 38.1 

Piob. 5. — Prove from Eq. (4) that the efficiency is less than 
50 per cent when 9 = *. 

Prob. 6. — Sliest a simple -graphical method for determining 
the value of 7 from Eq. (4). Hint: — la Fig. 2, select ac - 100 per 
cent; then a5 = n, in per cent. 

Piob. 7. — Show that Eq. (4) can i>e represented in the form 
u = tan'(ei -I- 0) tan (fli — S), where B, is the most advantageous 
angle defined by Eq. (5), and is the deviation of the actual angle 
S from 9,; in other words, 9 = 9, +(3. Hird: tan (9 + *) — 
tan (fl, + (3 + 90° -2fl0 -cot {9, ~&). 

Prob. 8. — The load sUdes down the inclined plane, instead of 
being hauled up; the force Q resists the motion so as to mainttun a 

* The same rule applies to the square-threaded screw, which can be 
considered as an inclined plane cut on a cylinder. However, in de- 
signing screws the efficiency is often sacrificed for other practical con- 
sideratiouB, and the thread angle is usually selected conridenibly bdow 
the value corresponding to Eq. (5). 
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Cbap. I.] INCLINED PLANE AND SCBEW. 5 

unifonn speed. The force <A friction /JV (Fig. 1) is now directed 
upward, instead of downward, and the angle PLT — e — <^. The 
ifxeta P is in this case the moving force, and the efficiency 
, _^ Q>eosfl ^ Q 1 _ ten (tf - ») 
^ " Ptaxta" P' iaae~ tans 



(4a) 




Pig. 2. — Graphical detennination of efikdency, i;, acoivditig 
to Eq. (4). 



YiaA the mnvimimi value of this efficiency at a g^ven angle of 
friction and with various inclinations of the plane to the horizontal. 



Arts. 



- cot'#„ where 9, - 45*' +* 



Piob. 9- — A load is moving up and down an inclined plane, or 
is being raised and lowered by means of a power screw. Show that 
the efficiency is higher when the load is going up, provided that the 
angle e is less than 45 degrees. 

Solution. — It is required to prove that 

tan# tan (g - ») 



or that 
when tan 6 i 
We have 

tan (tf + «) tan (0 



tan (fl + ♦) tan S 

tan' 6 > tan (fl + *) tan (9 — *), 



-*) = 



tan* 8 — tan' ^ 



■ tan'8. 



tan* 8 tan' ^ 

_ 1 — tan' */tea'e 

1 — tan' <t> tan' 9 

Since tan 9 is < 1, the quantity subtracted from the unity in the 

numerator of the fraction is larger than the quantity subtracted 

from the unity in the denominator. Hence the fraction is proper, 
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sad the ioequality holds true. In a similar maimer, vhea $ is above 

45 degrees, tan 6 ia > 1, and the fraction is improp^. The ugn of 
the inequality must then be reversed; this means that in this case 
the efficiency is higher when the load is descending. 

Prob. lo. — A load is t>eing hauled up an inclined plane by a 
fwce parallel to the plane (Fig. 3). Find the inclmation of the 
plane at which the efficiency reaches ite maximum. 




I^lg. 3, — Diagram of forces for an inclined plane; the load bdng 
moved upward by a force parallel to the plane. 

Ans. The efficiency reaches its mHTimiim value of 100 per cent 
when the plane ia vertical; in this case there is practically no pressure 
and consequently no friction between the load and the plane. 

Sobilwn. — When the load has traveled a distance s along the 
plane, the work dooe against the force of gravity is P -s mn 6, 
while the work expended by the moving force Q is Qs. Therefore 
the efficiency 

Ps sin e Paiae 



But fr<Mn the triangle LPT 



^ sin (90° - ») 
«n(fl + *) ' 



_ cofl » ain a __ 

"sin(# + *) ' 



1 + tan 4 cot e 



(6) 



The efficiency is the nearer 100 per cent, the smaller the |»x»duct of 
tan ^ • cot 0. This product is equal to zero when either « — or 
8 — 90°. The first case corresponds to an ideal plane without 
friction; the aecond aasomption givee a vertical plane. 
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Prob. II. — Referring to the preceding problem, let the load 
move down the plane. By analogy with Prob. 8, the efficiency is 



- — 1 — tan # cot 



Prove that ij > ij', that is to aay, the efficiency ia higher in aacend- 
ing the plane than it is in deaeending. HtjU: 1> 1 — JV'; conse- 
quently T - ■■ > 1 — ^. Another way to prove the proposition 

is to expand ij into an infinite series by dividing 1 by (1 +JV). It 
must be rem^nbered that the expression for tj' presupposes that 




Hg. 4. — Diagram of forces (or an inclined plane; the load being moved 
upward by a force inclined at an an^e a from the horizontal. 

tan « ■ cot < 1 ; otherwise the definition of efficiency given above 
would not hold without an additional qualification. 

Prob. 13. — A load moves along an inclined plane at a uniform 
speed; the force Q (Fig. 4) acts at an angle a from the horizontal. 
Find an expression for the efficiency of the mechanism, when the 
load moves up the plane; and also for the case, when the load is 
moving down the plane. 

Solution. — When the load moves up the plane (Fig. 4), Preaiata 
the motion and Q is the moving force. The efficiency is then, by 
definition, the ratio of the useful work performed against the force 
P to the work actually expended by the moving force Q; or 



Pa-< 



^ (P,«) , 



/•sine 



Q*-oob{Q,«) Qcoe(e-a)' 



bv Google 



8 ENGINEERING MATHEMATICS. 

But from the triangle of forces LPT 

E. _ ain^rP _ coa (9 + » - a) 
Q "sinPI-r" sin (# + *) ' 



_ liufl yp -r y — a; Bill p _, 

' sin (fl + ♦) COS <9 - q) ^ ■^ 

When the force Q is horizontal, a = 0, and the for^ioing expres- 
sion for efficiency becomes identicaJ with Eq. (4). When Q is parallel 
to the plane, a ^ e, and Eq. (7) checks with Eq.(6). 

When the load slides down the plane, by analogy with Prob. 8 
we get for the efficiency 



Sin(9-»)c0s(g-a) 

coa(s-«-a)sine 



{7a) 



This ei^ression reduces to Eq. (4a) when a— 0, and to Eq. (6a) 
when a=S. 

Prob. 13. — For the values of 9i and « found in Prob. I, plot an 
efficiency curve, when the an^e «, at which the force Q is acting, 
varies from + 90 degrees to a negative value at which the efficiency 
becomes zero. 

Avs. <r = + 90° -1-40° O" ~35''26' 

It- 100 69.1 60.6 

Piob. 14. — Determine the value of the angle of inclination e in 
Eq. (7), at which the efficiency becomes a maximum, with given 
values of « and «. 

An*.», = 45°+| -^. 

Hint. — Use the transformation 2cosil8infi- wn{j4 + B) — sin 
{A - B), before differentiating Eq. (7); 

Prob. 15. — Using the answer of the preceding problem, prove 



■"°" cos' {».-«) 
and show that the result checks with that obtained in I^b. 3, 
when a — 0. 

Prob. t6. — Afisumii^ /i - 0J25, plot a curve of values of Bi, the 
most advantageous angle of inclination of the plane, for variouB 
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angles a of hauling; alao a curve of the corresponding values of 
efficiency. 

Ana. a = -76° 0° + 76' + 90° 

e - 38 76 83 

>!»». - 61 94.1 100 

Prob. 17. — At what angle a must the force Q be applied in order 
to obtain a maximum efficiency on a given inclined plane? 

Ans. The efficiency is 100 per cent when the load is simply lifted 
vertically; when Q acts at an angle to the vertical, the efficiency ia 
the liigher, the nearer the direction of Q approaches to the vertical. 

Solution. — The efficiency is a maximum when the term 



a (9 + » - «) 



in Eq. (6) becomes a maximum. 



so tliat I) ia a maximum when tan (0 — a) has the largest possible 
negative value consiatent with the problem. This craresponds to 
« = 90°. 

Prob. i8> — The preceding theory applies essentially to a square- 
threaded screw, which can be considered as an inclined plane cut oQ 
a cylinder. However, in calculatii^ the efficiency of a screw, it is 
necessary in some cases to take into account the friction in the pivot 
or collar, in addition to the friction between the screw proper and 
the nut. When the drivii^ force Q is horizontal, this additional 
collar friction is proportional to the weight lifted, and can be repre- 
sented by a horizontal force /P, where/ ia a constant depending upon 
the coefficient of pivot friction and upon the dimensions of the 
pivot. The problem is to find an expression for efficiency, analogous 
to Eq. (4), when the screw is lifting a weight P. 

Ans. Eq. (3) becomes: Q- Ptan(# -(-«)-)- /P, so that 

= tang ,„, 

" tan (9 -I- ♦)-!-/ ^°' 

Prob. 19. -r Find the value of the thread ai^le e wluch converts 
the expression (8) into a maximum. 

Am. tan*i--A-l-iA'-l--,where/<-tan#andA-;^^^fc4r- 
V M \\~») 

D,G,i;eubvGoogIe 



iO BNOINEERING MATHEMATICS. 

Hint. — Demote tan e = z,so that 



T^y 



introduce k into this expressioa and differentiate with respect to z. 
Prob. 30. — The coefficient of friction n between the screw and 
the nut is estimated to be 0.18 for a certain kind of service. Tabu- 
late values of the best thread angles and of the corresponding 
efficiencies, for values of / from to 0.20. 

AnB. / - fl, - 39° 54' )j - 69.9 

0.20 48" 40* 61.3 

Prob. ai. — When the movement of the screw is downward we 
find, by anal<^ with Probs. S and 18, 

,_ ton(g-»)-/ 
tan S 

Find the value of 6 at wtuch the efficiency reaches its maximum. 
Am, tane..-t + l/A^+-{seeProb. 19). 



3,9,1 zed bvGoogle 



CHAPTER II. 
FRICTION IN JOURNALS. 

A HORIZONTAL shaft (Fig. 5) revolves in a bearing 
that fits it well. The problem is to determine the force 
of friction between the bearing and the journal (the part 
of a shaft inside of a bearing is usually called the 
journal). This force of friction, which is tangential 
to the surface of the journal and opposes the motion 
of the shaft, is usually assumed to be proportional to 
the normal pressure between the bodies in contact. 
In the case under consideration, this pressure may be 
different in different places on the journal, so that the 
total" force of friction is obtained by integrating the 
infinitesimal forces of friction over the total surface of 
the bearing. 

Let the normal pressure per square centimeter of 
the surface of the bearing be denoted by p. This unit 
pressure, generally speaking, is different for different 
horizontal strips of the bearing, the weight of the shaft 
being distributed non-uniformly. In mathematical lan- 
guage, p may be said to be a function of the angle B 
(Fig. 5). The normal force acting upon an infinitesi- 
mal strip, I rde, of the bearing is plrdO; the correspond- 
ing force of friction is upl rd$, where ti is the coefficient 
of friction. The numerical value of n varies within 
wide limits according to the materials used, and to the 
kind of lubrication. 

Integrating, gives the total force of friction, 

F = 2! \plr do = A r itpde, ... (1) 
11 
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Here A ^2rl is the so-called projected area of the 
bearing, or the cross section of the journal by the 
horizontal plane passing through its axb. Tlie use of 




Rg. 5. — The journal of a ahaft resting in a bearing. 



this projected area is convenient in practical calcula- 
tions pertaining to journals and bearings. The limits 

of integration should be + ^ and — - , but since the 

bearing is symmetrical it is sufficient to calctilate the 
force of friction for one quadrant and multiply the result 
by 2. 

Assuming the coefficient of friction to be independent 
of the pressure p, Eq. (1) is simplified to 



= Aii j pd$. 



(2) 



In order to perform the integration, p must be given 
as a function of the angle e. The actual distribution 
of the pressure over the surface of the bearing is not 
definitely known. Various reasonable assumptions in 
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CHiP. U.] FRICTION IN JOURNALS. 13 

regard to this distribution are made in the problems 
that follow. 

But whatever the distribution of pressures, the sum 
total of the vertical projections of these pressures must 
be equal to the load P resting upon the bearing, in 
order that the bearing may be in equilibrium. This 
gives a general condition which the tmit pressures must 
satisfy in all cases; namely: 

P = 2rplrdecos9-'ArpcoB0dS. . . (3) 

All the problems that follow are solved by the use 
of Eq. (2) and (3), when the coefficient of friction is 
assumed constant, or by Eq. (1) and (3), when this 
coefficient is variable. 

Prob. I. — la a new bearing with a perfect &t the nonmd pressure 
p caa be assumed the same over all the surface of the journal; iu 
other words, 

p — Pt— Constant (4) 

Express the f^ce of friction F as a function of the load P and the 
coefficient of friction, ^i. 
/Solution. — Eq. (2) givee 

F-A^p,.^, (5> 

and from Eq. (3) 

P - Ap, (6) 

Combining these two equations in order to eliminate the unknown 
pressure pg, we obtain 

f=*.f-| (7) 

From this fonnula the resisting force of friction caused by a bearing 
can be calculated, when the load P resting upon the bearing, and 
the coefficient of friction, fi, are known. 

Prob. a. — Bearings are always made of a softer metal than 
shafts, so that, in proportion as the bearing wears out, more and 
more pressure is exerted on the bottom of it, and lees on the sides. 
After the bearing has been in use for some time, it is ground by the 
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.II. 



journal into such a shape that further vifax doee not alter its shape, 
but merely lowers the position of the shaft. Let 5 va. Fig. 6 be this 
final shape of the surface of the journal. The surface S' to which 
the bearing is worn after some furth^ use is idenlical with 8, the 




Kg. 6. — Two consecutive eurfacee of a bearing, with a constant 
vertical wear. 

vertical wear w being the same at all points. The problem is to 
find the distribution of the normal pressures p such that gives a 
uniform vertical wear. 

Solution. — Let the normal wear at a point K, defined by the 
central angle 8, be n. Tliis wear can be assumed proportional to 
the normal pressure exerted at this point; * in other words, n = Gp. 
Here G is a constant which depends upon the material of the Clear- 
ing, the lubrication, and the spieed of the shaft. On the other hand, 
we have from the figure: n = lo cos B, so that w cos fl = Gp. Since, 
by assumption, both G and w are constant, we have 

p = Po cos e, (8) 

where po — - is a constant. This is the required law of distribu- 

B 
tion of the normal pressure in a worn bearing. When * - 0, p — pe, 
iSO that the constant po represents the unit pressure at the bottom 
of the bearing. The pressure p decreases from the bottom of the 
• Normal wear is proportional to the work of friction per unit area, 
so that at a ^ven speed, and with a. cooBtant coefficient of friction, it is 
I^oportional to the normal pressure. 
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bearing upward as the coeine of the angle 9. No nomuul pressure Is 
exerted at the mdes, where e - 90°. 

Prob. 3. — ¥iad the rdation between the load and the force of 
friction in a worn bearing, using Eq. (8). 

SdiUion. Subetituting the value of p into £q. (2) and (3) and 
integrating, we find 

F = A^p, (9) 

P = Ap..| (10) 

Eliminating Ap<, gives 

F-^P-- (11) 

Piob. 4. — A journal IS cm. in diameter and 32 cm. long runs at 
a speed c^ 200 rev. per min. The weight supported by the bearing 
is 12 tons (one metric ton - 1000 kg.). Assuming the bearing to 
be worn, calculate: (a) the power lost in friction, iritli a coefficient 
of friction — 0.0032; (6) the average preseure upon the projected 
area; (c) the maximum unit pressure at the bottom of the beiuii^. 

Soliaion. — (a) Uwng formula (11) we get: F= 0.0032X 12,000 
X- = 48.89 kg. The path traversed by the force of friction per 



„ 0.15 tX 200 



— 1.571 m., BO that the work lost is 4 



X 1.571 = 76.8 kg-m. per sec. = 753 watta (one kilogram-meter per 

P 19 fNVI 

eecond is equivalent to 9.81 watts), (h) ^ - ,ACV.>^ " 25 tg. 
A (lo X dJ) 

per sq. cm. (c) From Eq. (10), po = 25 x - = 31.8 kg. per eq. cm. 

Prob. 5. — Solve Prob. 4 under the supposition that the bearing 
is new. Ans. (a) 930; (6) 25; (c) 25. 

Prob. 6. — Solve Prob. 3 with the aeaiimption that the pressure 
varies acceding to the law p - Po cob* S. 

An,. J--,P.^i P-|^p.. 

Prob. 7. — Calculate friction in a bearing in which nonnal 
pressure varies according to the stnught-line law p « p* (1 — ke), 
where ft is an empirical constant. 

Ant. P=ApJl-k^ + k\; 

'-«^G-*j>['-'^-')]- 



i„.eubvGoogIe 
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Prob. 8. — The force of friction in a bearing was found from 
experiments to be expressed by the relation F =^ 1.35 i^P. Assum- 
ing the pressure to vary according to the straight-line law, as in 
Prob. 7, determine the value of the constant k, and the ratio of the 
smallest to the greatest unit pressure. 

Ant. k = 0.478; ?=!i5 = I - ft ^ = about 0.25. 
po 2 

Prob. 9. — Solve Prob. 7, assuming that the pressure varies as 
the square of the angle, that is to say, aecordlng to the formula 
p, -• po (1 — c0*), where c is an empirical constant. 
Am. P-Jp.[l-c(^-2)]; 

Piob. 10. — A bearing having a projected area of 300 sq. cm. 
supports a we^t of 6 tons. Calculate the maximum pressure at 
the bottom of the bearing under the following assumptions ; (a) The 
bearing is new; (6) the bearing is perfectly worn; (c) the pressure 
varies as coa' 6; [d) the pressure varies according to a straight-line 
law, the pressure being zero at 9 = 90°; (c) same as {d), only 
the pressure at 9 = 90°, is equal to one-half of the maximum 
pressure; {/) the pressure varies according to a paraboUc law, as in 
Prob. 9, the pressure being zero at ff ^ 90°; (0) same as (/), only the 
pressure at S - 90° is equal to one-half of the maximum pressure. 

Ans. (o) 20; (6) 25.45; (c) 30; (d) 31.42; (e) 24.45; (f) 24.67; 
(p) 22.1 (in kg. per sq. cm.). 

Prob. I J. — Using the data of the preceding problem, plot curves 
of tlie distribution of pressure against angles 6 as abscissce. Draw 
all the seven curves on the same sheet and to the same scale, to 
enable a direct comparison. 

Ans. At tf = 45°, the ordinates are: (a) 20; (6) 18; (c) 15; 
(d) 15.71; (e) 18.34; (J) 18.50; (g) 19.34 (in kg. per sq. cm.). 

Prob. I J. — Show that the curve p — po (1 — <*'), used in 
Prob. P, )0, and II, is a parabda; reduce its equation to the 

standard fonn V* = 2 mx. Ans. fl* — 2-- — •(po — p). 

2poC 
Prob. 13. — In all the forgoing problems the coefficient of 
friction is assumed to be independent of the pressure. Some experi- 
ments indicate that within certain linuts the coefficient of friction 
decreases with increasiDg friction. Solve Prob. 3 under the assump- 
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tion that the co^cient of friction varies according to the law 
n — nn — 11% where ix<, and n' are empirical constants. 

Ans. F— Apof MO — Pw't), where pd is determined by Eq. (10). 

Hint—Vae Eq. (1) instead of (2). 

Prob. 14. — Solve Prob. 13 under the supposition that the co- 
^cient of friction fi is directly proportional to the square root of 
the peripheral speed of the journal and inversely proportjonal to 
the square root of the unit pressure. 



-v/i. 



where fn is a constant; 



•^•^•X 



F=An,- -^vpt J y cos e • (ft - 1.19 ^M v^. 

The muTimiim pressure pt is determ ined from Eq. (10). 

Note. — The expression v'cos e • rffl cannot be integrated in the 
finite form, and has to be calculated approximately, either by the 
trapezoid formula, or by the Simpson rule. According to the former, 
we have, taking ordinates every 5 degrees; 

I v'cos e • (to - 5° > 

+ VcoslO° + - ■ ■+ Vcos85° +^ v'cos 90°] =1.19.« 

Prob. 15. — Calculate the int^ral in the preceding problem, 

using Simpson's rule, to see how closely the result checks with that 
obtained by the use of the trapezoid formula. Evaluate the same 
integral by the two methods, taking larger intervals — for instance, 
10, and 15 degrees. This will show the advantage of Simpson's 
* The solution is also obtained i^rectly through the Gamma func- 
tion. According to formula 483 on page 62 of Pdrce's table of integrals, 
we have 

or, idnM r (n + 1) - nT (n), 

logarithms of r(n) for values of n between ] and 2 
page 124 of Peirce's book. 
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rule over the straight^line formula, in that more accurate reeulte 
are obtained with a smaller cumber of points. 

Prob. i6. — In the aolution of Prob. 14 and 15 it is assumed 
tliat the relation (8) holds for perfectly worn bearings, when the 
coeflScient of friction is variable. Strictly speaking, this is not 
true, because Eq. (8) is deduced under the assumption of a constant 
coefficient of friction. Show that, when the coefficient of friction 
varies as in Prob. 14, the distribution of pressures in a perfectly 
worn bearing is that assumed in Prob. 6. 

Solution. — The normal wear at a point is proportional to the 
work of friction per unit area. Since the velocity is the same at all 
points of the journal, the wear is proportional to the frictJon for^ 
per umt area. This force of friction is in our case iip = /n "^vp, 
so that analogously with Prob. 3 we have 

n — UJ cos tf — Cm ^/vp, 
where (7 is a constant. When 0^0 the foregoing equation gives 

w ■■ Cm Vep^. 
Dividing one by the other to eliminate C and w, gives cos 9 
or p^pt cos' e. 



-ii' 
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CHAPTER III. 

FRICTION IN STEP BEARINGS. 

A VERTICAL shaft M revolves on a step bearing JV 
(Fig. 7) ; it is required to find the work lost in friction 
between the shaft and the bearing per one revolution 
of the shaft. This problem is similar to that of friction 
in horizontal journals, considered in Chapter II; only 
here it is necessary to deter- 
mine the work of friction, 
while with horizontal joiu-- 
nals it is sufficient to eval- 
uate the force of friction. 
This difference is due to the 
fact that in a bearing sup- 
porting a horizontal shaft 
(Fig. 5) all the elementary 
forces of friction are at the 
same distance from the cen- 
ter of the shaft, and hence 
their points of apphcation 
move with the same veloc- 
ity; while in a step bearing 
the points of apphcation of 
elementary forces of friction 
are moving at different velocities, from zero on the 
center line of the vertical shaft, to a maviTinnTn on its 
periphery. Therefore the forces cannot in this case 
be simply added together, but the share of each ele- 
mentary force of friction ihust be determined in the 




Fig. 7. — A flat step bearing sup- 
porting a vertjcal ehaft. 
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proportion in which it contributes to the total resisting 
moment, or loss of energy. 

The student is supposed to be familiar with the prin- 
cipal problems solved in Chapter II; therefore, some 
explanations are omitted to avoid repetition. 

Prob. I. — Deduce for a flat step beariug (Fig. 7) expressions 
for the work of friction, ar.d pressure, analogous to Eq. (1), (2), 
and (3) of Chapter II. 

Solution. — Let the pressure per square centimeter at a distance 
X from the center of the shaft be p; the total force of friction upon 
the infinitesimal zone 2irx-dx ia then np-2irx-dx, where /i is the 
coefficient of friction. The path traversed by this force during one 
revolution of the shaft is 2 irr, so that the work of friction per revo- 
lution, upon the infinitesimal zone, is 

HP-2rX-dx-2rX - 4 r'fipx' dx. 

Total work of friction per revolution 

npx'dx (1) 



*''£" 



If the coefficient of friction can be assumed to be independent of 
the velocity or pressure, the foregoing expression is simplified to 



•'£' 



'-£'•■■ 



The unit pressures p must satisfy the condition that their sum 
over the entire bearing surface be equal and opposite to the total 
weight P resting upon the step bearii^; or 

^•d^ (3) 

As in the preceding chapter, these equations can be integrated 
only when the law of distribution of the pressures p is known or 
assumed. Some spedfic cases are considered in the problems that 
follow. 

Prob. 1. — Fnd an expression for the work of friction in a flat 
step bearing, assuming the bearing to be new, that is to say, the 
pressures are distributed uniformly over the whole supporting area. 

Solution. — The given condition is expressed by the equation 

p s p„ K Constant (4) 
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Therefore Eq. (2) becomes 

and from Eq. (3) we find 

Eliminating Ps, between these two expressions gives 



which is the required formula for the work of frictiou per one revo- 
lution of the shaft. This formula can also be written In the form 



P-i-P- 



'(t) 



which can be interpreted by saying that in a new bearing total 
friction may be considered as if concentrated at two-thirda of the 
radius of the shaft. 

Piob, 3. — Find the law of distributJon of pressure in a per- 
fectly-worn flat step bearing; make use of the principle explained in 
Prob. 2. Chapter II. 

Solution. — - The required distribution of pressures is such as to 
cause the same vertical wear at all points of the bearing. But the 
wear is proportional to the worii of friction per unit area (experi- 
mental fact) ; hence 

Work of friction _ A^^yx'dx ^ Co^j^tant, 

Area 2 xi ok 

or, after reduction, omitting the constant factors: 

npx — nrptT = Constant, (6) 

where |ir and Pr are the values of the coefficient of friction and of the 
unit pressure at the periphery of the shaft. If the coefficient of 
friction is constant, the foregoing expression become 

■px — -p^ " Constant (7) 

In words: the pressure in a wotu step bearing varies inversely as 
the distance from the center of the shaft, being a minimum at the 
periphery. Eq. (7) probably does not hold good for points near 
the center of the shaft, because, whenx approaches to zero, p ap- 
proaches to infinity. There is no doubt, however, that in a worn 
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step bearing the preeaure near the center of the shaft is very great. 
In practice, the ahaft always has a center hole for the purpose of 
centering the revolving part when turnii^ it on a lathe, so that 
there is no pressure at the center, and therefore no objectjon to using 
formula (7). 

Prob. 4- — Find an expression for the work of friction in a per- 
fectly-worn flat step bearing. 

5(»/u(M»n.— Int^ratdng Eq. (2) and (3) with the use of Eq. (7), 
we find 

and 

P=Pr'2^' (8) 

EliminatJog Pr between these two equations gives 

W'liP-i^ (9) 

Eq. (8) and (9) can also be written in the form 

The foUowii^ conclusions can be drawn from these results, as ootn- 
pared with the results of Prob. 2; (a) The total work of friction is 
less in a worn bearing than In a new one, in the ratio of 3 to 4; (6) 
the resultant force of friction may be considered aa if concentrated 
at one-half of the radius of the shaft; (c) the unit pressure -p, at the 
praiphery of the shaJt is equal to one-half of the pressure p„ ob- 
tfuning in a new bearing; this means that the parts of the worn 
bearing near the center are subjected to considerably higher pres- 
sures than when the beMii^ is new. 

Prob. 5- — The loss of power caused by friction in a step bearing 
can be expressed by the formula: 

PxDx N 

Lobs, in metric horse power, = — = — , 

Constant 

where P b the load upon the bearing in metric tons, D is the diame- 
ter of the shaft in meters, and N the speed in rev. per min. The 
constant is placed in the denominator, in order to make the formula 
more convenient for slide-rule computations. Determine the value 
of the constant in the forgoing formula for a worn flat st^ bearing, 
when the coefficient of friction f. = 0.03. 

Ant. Constant = ^q^^^^^/^j = 95.5 (one metric horse 

power " 75kg-m. per sec.). 
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Prob, 6. — Find expreadoDS corresponding to (5) and (9) for the 
work of friction per revolution for a new flat step bearing, and also 
for a worn step bearing, when the shaft is hollow, the inside and the 
out^de radii being n and ri. 

Arw,. W-^.U('^'''\ (5') 



Tr=^P.x(r. + r,) (ff) 

When r, = (solid shaft) these expressions become identical with 
(5) and (9). 

Prob. 7. — Prove (a) by reasoning, (6) mathetnatjcally, that the 
work of friction is greater with a hollow shaft than with a solid shaft, 
provided that the total weight, and the average preeaure [ler unit 
area, are the same in both cases. 

Solution. — (o) The supporting area of the step' bearing being 
the same in both cases, the outside radius of the hollow shaft must 
be larger than that of the solid shaft. Therefore, the average path 
described by elementary forces of friction during one revolution is 
greater in the hollow shaft; consequently, with a similar distribution 
of pressures, the work of friction is greater. (6) To prove that the 
value of W from expression (5') is greater than that from Eq, (5), 
when irr* - T (r,' — n') : We have 

'4^-'.+ -x-- 

ri' - ri' n + n 

But T, > r; hence 

rj + n 
A similar proof applies to Eq. (9) and (9'). 

Prob. 8. — Prove that the work of friction in a perfectly-worn 
step bearing is expressed by TF - /ipp, • 2 xV. Hint. — Substitute 
Eq. (6) into (1). 

Prob. 9. — The expression for the work of friction, deduced in 
the preceding problem, contains the unknown pressure, pr, at the 
periphery of the shaft. Show how to determine this pressure when 
the variable coefficient of friction is expressed by n = ;ii • — , where 

ft, m, and n are ^ven constants; is the linear velocity at the point 
to which ft refers. 

Solidiim. — Velocity v is proportional to the distance of the 
point from the center, so that Eq. (6) gives: pz • — ■ = Constant, or 
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j.n+i.pi— m^ jn+i.pi-m Physical conditions are such that p at 
the center is always larger than the average pressure, and theo- 
retjcaliy approaches to infinity. Therefore, the foregoing equation 
has a practical meaning only when m < 1. Substituting the value of 

p into Eq. (3) and integrating, results in P - Pf • 2 irr* • ^ — ^—^ . 

From this equation the unknown pressure pr can be determined. 
In order that the right-hand side of this equation be poative the 
condition must be fulfilled; 2 m + n < 1. When m - n = the 
expression for P becomes identical with Eq. (8), because in this 
case n = iu = Constant. 

JVofe. — It may be objected that the expression for n used in 
this problem becomes zero at the center of the shaft (d = 0); also 
that it approaches to zero with increasing pressure, and approaches 
infinity with decreasing pressure. A better formula for n would be 

a modification of the form: u = /ii [tf + o] -;■ 11 + h-. — ™ , 1. It 

L (c + p)-J 
gives finite values for p within the range of pressures from zero to 
infinity; it gradually decreases to a finite value, different from zero, 
when the velocity v approaches to zero. However, the int^ration 
with this form of expression for ix would be much more involved; 
moreover, it would be hardly warranted in view of the meager 
information available with respect to the actual variations of the 
coeflScient of friction m step bearings. 

Prob. lo- — Assuming the unit pressure to vary inversely as the 
■n-th power of the distance from the center of the shaft, prove that 

Vr = Pat • - — ;t — ■ HirU. — Substitute the value of p from tjie ex- 

p 
pression p.E" =■ p,r" into Eq. (3). The pressure Po» — — ;■ When 

n = 1, p, = J p„, a result ab-eady derived in Prob. 4. 

Prob. II. — Deduce expreasiona equivalent to Eq. (2) and (3) 
when the pivot, instead of b^ng flat, is shaped according to a sur- 
face of revolution (Fig. 8). 

Sobdion. — Let p be the normal unit pressure at a point distant 
X from the axis; consider the work of friction upon a zone of the 
surface having an infiniteeimal width ds. Repeating the reasoning 
given in Prob. 1, we find 

ff-=4x'«/ px^ds, ...... (10) 
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the only difference, as compared with Eq. (2), bring that the width 
da is not the same as the increment dx of the radius. The condition 
of equiUbrium of the shaft requires that the sum of the vertical 
projectJODfl of pressures p be equal to the weight P of the revolving 
part, or 

P= I pcos*-2wxdg (11) 

In order to be able to int^&te these expres^ons, the law of distribu- 
tion of pressures must be known and the shape of the surface of ' 
revolution given. 




Rg. 8. — A irivol, shaped according to a surface of revolution. 



Prob. la, — Simphfy Eq. (10) and (11) for the case of a new 
bearing, and show that the constant normal pressure upon the sur- 
face of revolution is equal to the average vertical pressure upon the 
projected area of the pivot. 

Soltttion. — 



»r=4Ap, 



X-- 



(12) 
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where the aoDBtant normal presaure pi ia detemiined from the 
relation 

P-2ip„ / »coB«ds (13) 

But ds COB 4> ~ dx, ao tiiat Eq. (13) int^p'ated gives 

P-p,.,(H-r,') (14) 

The expression x (r* — ro') representa the projected area FGHK of 
the pivot (Fig. 8). Let the average vertical pressure on this area 
be p,n- We have then P = p^,, • x (r* — ro'), and, comparing with 
Eq. (14), see that po - p„r. 

Prob. 13- — Apply Eq. (10) and (11) to the case of a perfectly 
worn bearing, with a constant coefficient of friction. 

Salvtion. — Vertical wear w (5%. 8) must be constant at all 

points; but w = ■ ■ ■ - , where n is the wear normal to the surface, 

cos ^ 
This latter wear is proportional to the work of friction per unit area, 
so that we find, as in Prob. 3, that » is proportional to the product 

px. Hence, the expression _^_ must be constant, 
cos* 

or ^^^ = ^^ =B= Constant, (15) 

where B is the numerical value c^ the constant, and a is the angle 
which the tangent to the profile at the periphery of the shaft makes 
with the horizontal. Substituting the value of px from Eq. (15) 
into Eq. (10) and (11) gives 

W=2T^S.x(r'-r.') (16) 

P-2iB / cos'*ds, (17a) 



»x 



P=2irB / cos*<ir {17i.) 



In applications, either Eq. (17a) or (176) is more convenient, accord- 
ing to the shape of the profile of the pivot. 

Prob. 14- — Show that, when the surface of revolution is an OTdi- 
nary truncated cone (♦ - « = Constant), the work of friction is 
dby 

W.{j^y-Jffl^^, (18) 

Vcosa/ 3 (r'-r,')' 
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when the bearing is new, and bjr 
Veosa/ 



r.), 



(19) 



when the bearing is worn. 

Prob. IS- — Show that Eq. (5) and (9) can be deduced as spedal 
eases of Eq. (18) and (19); also that friction loss is greater in a 
conical step bearing than in a flat one, with the same diameter of 
shaft 

Piob. i6. — Show that the work of friction in a new conical 
step bearing is greater than in the same bearing after it haa been 
perfectly worn. Hiia 4fr'-ro')-3(H-r,')(r+ri,)-(r-ro)'>0. 




Fig. 9. — A spherical step bearing. 

Prob. 17. — Prove that in a new spherical step bearing (Fig. t 
the work of friction is eicpressed by 

w_..^...p.°-s">''Coa'> ,-, 



Hint.— Substitute x=£8ia^, and (fe=- fid* into Eq. (12) and (13). 
Piob. 18. — Show that in a worn spherical step bearing the 
woA of friction is 
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and that the unit pressure at a point defined by the central angle # 
is expressed by 

p„P_. cot^sin'» ^22) 

irr' a + ton a cos a 

Hint. — Use Eq. (15) and the same substitution as in the preceding 
problem, into Eq. (10) and (11). 

Prob. 19. — Eq- (20) and (21) must become identical with 
Eq. (5) and (9) when the radius R of the sphere becomes infinite, 
in other words, when a - 0. Show that this is so by evaluating 

the indeterminate form -r , which the equations aasume when a •- 0. 
Hint. — According to a well-known rule of the calculus, take the 
ratio of derivatives so that 



u — sm a COB 



O ^Q_ r l -cos'tt + an'g' i 
Ja-o L Ssin'ocoso Ja-O 



[ 2 sm' 0. 1 ^ j- 2 -| ^ 2 
3sin'acoaaJii-o LScoboJo-d 3 



A similar procedure is applied to Eq. (21). 

Prob. 30. — Assuming the work of friction in a worn flat bearing 
to be 100 per cent, plot a curve of values of the work- of friction for 
worn spherical bearings for the same shaft, the radii R of the pivots 
varying from infinity (flat bearing) down to the radius r of the shaft 
(semi-spherical pivot). 

Ans. a = a = 45° a = 90' 

R-oo fl=rV2 R = T 

IF = 100 per cent IT = 110 per cent W = 127 per cent 

Prob. II. — In the step bearings considered above, the pressures, 
which are evenly distributed when a bearing is new, gradually 
become larger in the parts nearest to the center of the shaft. As a 
result, the bearing changes its shape, and wears out more quickly 
than it would, if the pressures could remain imiformly distributed, 
in spite of the wear. The problem is to find such a shape of the 
profile of the step bearing that the normal pressure is constant in 
the new, as well as in the worn bearing. 

Solution. — Let p in Eq. (15) be constant; then the equation 



= Constant = T. 
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This is the equation of the profile of the bearing. The constant T 

represents the length of the tangent (Fig, 10), because -^— is the 

coe^ 
length of that part of the tangent to the curve, included between 
the point of contact and the axis of ordinates. Consequently, the 
required curve is defined by the condition that the length T of its 




fig. 10. — Schiele's pivot, the profile being a tractrix. 

tai^ent is constant. This property of the curve ^ves a ^mple 
method of construction. Let ai be a small weight with a pencil 
point fastened to it. Let OX and OY be ases of coordinates drawn 
on a horizontal board, and let the pencil point lie originally on the 
aids of absdssffi. Attach to the weight a piece of noo-elastic 
string oi&i ^ T such that the end &i just reaches to the origin. 
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Draw the end of the string along the axis OK; the weight will 
follow, and the pencil will trace the deeired curve, the tangent being 
at all points equal to the length T of the string. For the reason of 
this construction the curve is known as the traclrix. 

The complete curve consists of four identical branches, which 
b^in on the axis of abscissse at the distances ± T from the origin 
and extend up and down approaching the axis of ordinates asymp- 
totically. Any part of such a curve can be used as a profile for a step 
bearing, because all parts satisfy the condition (23) of a uniform 
distribution of pressure in spite of the wear, 

Prob. aa. — ^A pivot, shaped accordii^ to the solution of the 
preceding problem, is known in engineering practice as Schiek's 
atiti-fruiion pivot. Show that the work of friction in such a pivot, 
new or worn, is equal to 

W~,,P-2wT, (24) 

and determine which part of the tractrix should be selected for the 
pro&le in order to reduce the friction to a miniTnii m, 

Sc^idion. — Eq. (24) is derived by using Eq. (23) and the con- 
dition p = Constant in the general Eq. (10) 'and (11); these latter 
apply both to new and worn bearings. Aa shown by Eq. (24), the 
work of friction is a minimiun when T is selected as small as possible. 
Eq. (23) and Fig. 10 show that it is best to select the part of the 
tractrix b^inning with point Oi, at which the curve is tangent to 
the axis of abscisss. T is then equal to the radius r of the shaft, 
and this is evidently the smallest value which can be assigned to T. 
The inner radius ro of the pivot is determined by the condition that 
the pressure p must not exceed a certain safe limit indicated by 
experience, for a particular service for which the shaft is designed. 

Note. — A comparison of Eq. (24) with Eq. (9) shows that 
friction in Schiele's pivot is considerably greater than in an ordinary 
flat pivot; therefore the name " anti-friction " is somewhat a mis- 
nomer. It would be more appropriate to call Schiele's pivot " con- 
stant-pressure " or " minimum-wear " pivot. 

Prob. 33. — Transform the Eq. (23) of the tractrix into one in 
rectangular coordinates (Fig. 10). 



Sobiiion. — x — T cos * — - , 

VI -I- tan' 



from which ^ > — - 



:ted,be 
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the derivative is Q^;atiye for the lower right-hand branch of the 
curve : y decreases when x increases. The int^p^ of this equation is 



y~TLn 



fT+2 



^-^- 



The constant <rf int^ration — 0, because y — when x— T. For 
purposes of calculation this equation can be expressed in a sint- 
pler fonn tiirough hyperbolic functions, since tables of such func- 
tiona are readily accessible.* Namely, 

»-TJco.h-(|)-y/l-(£)"j. ... (28) 

The coordinates of the tractrix can also be expressed conveniently 
through the ar^ ^. Substituting the value of -= = cos 4 ftt>m Eq. 
(23) mto Eq. (25), we get 

V-T[Lnt.n(* + 5)-.i.,]l ,„, 

a; = r COS «. I 

The curve can be constructed from these equations by a wi i ming 
different values of ^. 

Prob. 14. — Show that Eq. (25) and (26) can be represented in 
the fonn^ = /(=l; tiiis curve may be called the "generalized 
tractrix," good for any value of T. Plot this curve for values of 
-^ from 1.00 to 0.05;t expMn how to modify its ordinates and ab- 
sciaste in order to construct the profile of a Schiele's pivot, for a 
given T, and to a certain required scale. 

Am. ^ = 1.00 0.50 0.05 

■| = 0.451 2.6» 

* Hyperbolic functioaa are being used to a considerable ext«Dt in 
phyncs and lately in en^neering. The fundammtal properties of these 
functions will be found in Searer's MaiJiematic(d Handbook (McGraw- 
Hill), and in J. MoMahon's HyperMie FuneiUma (John Wiley & Sons). 

t It is convenient to select diffwent scales for abstassB and for ordi- 
nates. However, in this case the loigtii <i the tangent Is no kwgei 
CMistant. 



3,9,1 zed bvGoogle 



CHAPTER rv. 

CASRTIN6 CAPAaXY OF BEXTS. 

A CERTAIN amount of mechanical power is transmitted 
to the pulley A (Fig. 11} by means of the belt BC; B is 
the driving side of the belt, and C is the slack side. 




Pig. II. — Belt andpuUey. 



The tension 7*1 on the driving side is greater than the 
tension Tt on the slack side, the difference between the 
two being the useful effort P transmitted to the pulley. 
This difference in tension is possible, because of friction 
between the belt and the pulley. The problem is to 
find the relation between Ti and Tt, knowing the 
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diameter of the pulley, the angle « of contact, and the 
coefficient of friction ^ between the belt and the pulley. 
Consider an infinitesimal element MN of the belt 
(Fig. 12) corresponding to the central angle d^. The 
forces acting upon this element are : tension T opposing 
T+dT 




;. 12. — Forces acting upoa &n iafinitesiinal element of a belt 



. the motion, a slightly larger tension T + dT in the 
direction of the motion, and the tangential force of 
friction dF between the pulley and the belt. Since 
the element of the belt is in equilibrium, the force of 
friction balances the difference dT of the tensions T 
and T + dT. This fact expressed analytically gives 
the differential equation for the solution of the problem. 
Friction between solid bodies is usually assumed to 
be proportional. to the normal pressure. In our case, 
tension T gives in the direction C'C a normal com- 

to the pulley; tension T + dT gives a component 
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(,T+ dT) Bin -^ • Hence, the force of friction upon the 
infinitesimal element is 

dF=dT=;<[r8in^ + (r+dr)8in^]. . (1) 

Since we consider an infinitesimal element of the belt, 
the increment dT can be neglected in the last term, aa 
compared to the tension T itself. Moreover, the sine of 

the angle -^ can be replaced by the angle itself (length 

of the arc of radius unity). Eq. (1) is then simplified 

to 

dT=^Td<t>, (2) 

dT 
or -=■ = ;i d<it. Integrating this expression over the whole 

angle of contact, a, gives 

Ln|^ = /x«, (3) 

from which 

|; = e- w 

where e is the base of the natural logarithms. The 
useful effort exerted by the belt upon the pulley is 

P = T, - T, (5) 

Eq. (4) and (5) are the necessary relations connecting 
the tensions Ti and Tg with the other quantities in- 
volved in belt drive. 

Prob. I. — In fonnula (3), angle a is in radians (why?); trans- 
form the formula into 

'"sS-:;^ (8) 



s IB in degrees, and n = 0.27. 

Am. Const. - 



2.3 X 180 
0.27 T 
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Prob. 3. — Ekpreea the tensions in the driving side and in the 
slack side of the belt, ae functions of the useful effort P. 
Ant. Eq. (4) and (5) give 



Piob. 3. — A belt hae to transmit a useful effort of 95 kg. ; the 
an^ of contact is 160 decrees, the coefficient of friction is 0^. 
What is the tension on the driving side, and how wide does the belt 
have to be, if the pennissible safe t^ision is 7 kg. per cm. of its 
width? Am. 167 kg.; 24 cm. 

Hint. — Use formula (7) . 

Prob. 4. — Check the solution of the preceding problem by 
using directly Eq. (5) and (6). This method has some advantage 
because it is not necessary to evaluate the exponential expression 0^. 
Note that the constant in formula (6) must be modified to suit the 
given value of the coefficient of friction. 

Prob. s- — When one has to calculate regularly a large number 
of belts, using Eq. (7), it is convenient to prepare a table or plot a 
curve, givii^s the values of the exponential expression by which P 
is to be multiplied in order to obtain Ti. Plot such a curve for 
M - 0.28 and for angles of contact from 90 to 270 degrees. 

Am. a- 90° 180" 270" 

^ - 2.81 1.71 1.36 

Prob. 6. — Express Eq. (7) and (8) through hyperbolic funo- 
tions. 

:_ _ ei*" ^ Coehjptt + Sinhi^ 

_1 "et-a-e-l"-" 2Sinhi,H 
80 that 

r,= |(Cothi^ + l) (6) 

Analogously, 

r,-^{Cothi,<o-l) (10) 

Prob. 7. — Check the solution of Prob. 3 by means of for- 
mula (9). 

Prob. 8. — When the peripheral speed of the belt is consideraUe, 
centrifugal force acting upon it tends to separate it from the pulley. 
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Conaequently, the normal pressure, and the friction between the 
belt and the pulley, are reduced, as well as the maximum effort 
which the belt can transmit without slipping. Deduce a rdation 
between T| and Ti, analogous to Eq. (3), but in which centrifugal 
forces are taken into account. 

Solution. — According to the general laws rf circular motion, 
centrifuge force - °»« <•< ty, bedy X (v.l.citrt' ^^ ^ ^^ ^^ 

radius of rotation 
weight of one meter of belt, in kilograms,' then the centrifi^al 
force acting upon the element of the belt, corresponding to angle 

d* (Fig. 12), is f- Trf*] ■- = - (I'd*, whe e g = 9.81 ia the 

acceleration due to gravity (in meters per sec,'), r is the average 
radius of curvature of the belt on the pulley, in meters, and v the 
linear velocity of the belt, in meters p^ second. This centrifugal 
force reduces the normal pressure upon the puUey, so that Eq. (2) 
becomes 

■"'-'('■-fh 

This equation, after being integrated sunilarly to Eq. (2), gives 



1 I 

- can be 

IT 

neglected, Eq. (11) becomes identical with (3). 

Prob. g. — Deduce formuUe analogouB to (7) and (8), taking 
the centrifugal force into consideration. 

Ans. Writing Eq. (11) in the exponential form and solving with 
Eq. (5), we get 

Ti = /'— ^^+ — , (12) 



Prob. 10. — Solve Prob. 3,. taking the centrifugal force into con- 
sideration. Assume f - 16 m. per sec., and the unit weight c^ the 
belt - 7.3 kg. per eq. m. 
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SoluitMt. — Let the unknown width of the belt be x cm.; then 
the tension Tg=7x, and the wei^t per meter of length, w — -^j^jf * 

Subfitituting these values into Eq. (12) and using the answer of 
Prob. 3, we obtain: 7 a: - 167 + 1.9 x, whence x = 32.7 ran. Ten- 
Bi(m r. = 7 X = 229 lig. 

Prob. II. — With what original tension must a belt be put on 
ite pulleys in order to transimt a useful effort Pt Disregard the 
action of the centrifugal force. 

Solution. — The original tension To on either side of the belt is 
an arithmetical mean of the working tensions Ti and T,, so that 
from Eq. (7) and (8) 

r. = P.(?'l±ll, (14) 

2 (e"-l)' ^ 

or, in hyperbolic functions, according to Eq. (9) and (10), 

r,= ^.CothiM» (15) 

Note. — The sum of the tensions T, and T, remiuns constant 
with variations in load, and is equal to the total ori^nal tension 2 T<r. 
Thia is because tensions are proportional to elongatiotis, and the 
extra elongation on the driving part must be compensated for, by a 
reduced elongation on the slack side. 

Prob. 13. — What original tension should be given to the belt 
considered in Prob. 3, in order that the belt could stand 25 per cent 
overload, without shpping on the pulley ? 

Ant. About 150 kg. 

Prob. 13. — Correct formula (14) for the effect of centrifugal 
force. 

.„. T.=^(r,+r, = f.l^+!^. . . . ae, 

This result shows that, on account of centrifugal force, it is neces- 
sary to give the belt a larger original tension. When running at a 

speed V the part — of the tendon is balanced by the centrifugal 

9 
force, and only the rest is effective in producing friction upon the 
pulley, with a consequent turning effort. 

Prob. 14. — What should be the original tendon of the belt in 
Prob. 10, in order that it would not sUp at 25 per cent overload? 
An,. 150 + ?.-^jjj- 
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Prob. 15. — The belt considered in Prob. 10 is put oo its pulleys 
with a tension of 200 kg. per side, at rest. Plot a curve showing 
the maximum useful effort P which can be transmitted with this 
belt at different speeds. Determine the crilical speed at which the 
centrifugal force balances the whole of the original tension, so that 
the belt does not press upon the pulley, and therefore exerts no 
useful tangential effort. 

J™. Eg. (16) become.: P- "°°-°g"'"' 
The following points lie on this curve: 

e= 10 a) 28.7 

P = 158 139 81.3 

The last point corresponds to the critical speed. 

Prob. 16. — Plot on the same curve sheet with that of the pre- 
ceding problem, a curve of the useful power, in kilogram-caeters 
per second, transmitted by the belt. 
Am. Power ■■ Pv, so that when 

u = 10 20 28.7 

Power - 1390 1626 

Prob. 17. — The result of the preceding problem shows that the 
power traosmitted by the belt reaches its maximum at a certain 
speed, and decreases with a further increase in speed, beconung 
zero at the critical speed. Show that the speed corresponding to 



this speed one-third of the original tenuon is takoi up by the cen- 
trifugal force. Hint. olTt j reaches its muTiTniim when 

o~Jl^; Critical speed - i/^- 

Prob. 18. — Check the point of maximum power, obtained in 
Prob. 16, with the formula deduced in Prob. 17. 

Am. 1747 kg. at 16.55 m. per sec. 
Prob. ig. — Supplement the curves obtained in Prob. 15 and 
16 with curves of tendons Ti and T,. 
Ant. 9-0 10 20 28.7 

7*1-279 269.5 240.6 200 

Tt- 121 130.5 159.4 200 
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Prob. 30. — The results of the preceding problem show that the 
tension Ti decreases, while ^t increases with speed, when the belt 
tranBmits its TnaTimiim tractive effort; at the critical speed 
7*1 ■■ Tt = Ta. Prove these results in the general fonn, and show 
that the curves of T, and Tt are parabole, one turned downward, 
the other upward. Hini. — Eliminate P from Eq. (12) and (13) by 
means of formula (16), and use the critical speed from Prob. 17. 
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CHAPTER V. 

TORSION OF SHAFTS. 

Some mechanical power is transmitted from pulley A 
<Fig. 13) through the shaft B to pulley C. The pulley 
C resists the rotation, so that the shaft is subjected to 
two equal and opposite turning efforts, those of A and 
of C; hence the shaft is twisted, or, in engineering 



ic 
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Belt 
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Fig. 13. — A shaft and two pulleys. 

language, is said to be subjected to torsion. It is 
required to find a relation between the turning moment 
acting on the pulleys and the safe size of the shaft. 

For the purposes of mathematical analysis, the twist- 
ing of the shaft is considered with reference to its con- 
secutive cross sections. Each cross section is turned by 
an infinitesimal angle relatively to the next cross sec- 
tion, bringing into play the elastic reactions of the 
material. According to the ftmdamental law of equi- 
librium, the reaction is equal to the action, so that the 
xesultant moment of these elastic forces in any cross 
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section of the shaft is equal and opposite to the turning 

moment applied to the driving pulley. This law makes 

it possible to establish a relation between the applied 

moment and the elastic stresses in the material. 

Let Fig. 14 represent a cross section of the shaft, and 

let q be the resisting force in the material, in kilograms 

per one square centimeter of 

cross section, at & distance of 

X centimeters from the center 

of the shaft. This unit force 

is called the shearing stress in i 

the material, since it is caused 

by the tendency of one cross 

section to slide with respect to 

the next cross section. The 
... • n • Fig. 14. — CroBS-eection of a 

shearmg force upon an mfim- J^t subjected to torrion. 
tesimal annulus of the width 
dx is q ■2tx ■ dx, and the moment of this force, with 
respect to the axis of the shaft, vsq-2irx ■ dx- x. The 
above stated condition of equilibrium becomes, there- 
fore, 

M=2-wrqx*dx, (1) 




where M is the applied turning moment. In this 
equation j is a variable quantity, so that, in order to 
perform the integration, q must be given as a function 
of the distance x from the center. 

According to the fundamental assumption of the 
theory of elasticity, stresses are proportional to the 
corresponding strains or displacements (as long as a 
certain limit, called the elastic Umit of the material, is 
not exceeded). In our ease, assuming that each cross 
section turns as a whole with respect to the next cross 
section, displacements are the largest at the periphery, 
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and decrease to zero at the center. The angle of turn- 
ing being the aame for all the points of a cross section, 
actual linear displacements are proportional to the dis- 
tances X from the center. We have thus, remembering 
that stresses are proportional to displacements, 

i'l (^) 

where ffr is the stress at the periphery of the shaft. 
This stress is larger than the stress at any other point 
of the cross section, so that if q^ does not exceed the 
safe limit, determined by experience, the whole shaft is 
safe with respect to torsion. Substituting the value 
of q from (2) into (1), we obtain 

r Jo 



(3) 



This is the required relation between the turning 
moment M and the maximum stress q, in the shaft. 
If qr is in kilograms per square centimeter, and r is in 
centimeters, the applied moment M must be expressed 
in kilogram-centimeters. 

Prob. I. — Draw a curve pving values of safe twisting moments 
for shafts up to 30 cm. in diameter; assume the safe permissible 
stress to be 600 kg, per sq. cm. What is the mathematical name of 
the curve? 

Ans. Af-31,800kg.m.forD-30cm.;cubicparabola. 

Prob. 3. — The diameter of ^e abaft can be expressed from 
formula (3) as 

D^k^VM (4) 

where ibi is a constant. Calculate ki for q, = 800 kg. per sq. cm., 
BO that D be expressed in centimeters when JIf is in kik^ram- 
meters. 



Ami. '^ - ■ ' 
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Piob. 3. — Id practice, the power P transmitted through the 
shaft, and the speed N of rotation are uauaily gtv^k instead of the 
turning moment M. Expression (4) becomes, then. 



o -fay/I 



where A:* is another constant. Express ki through it,, wbeo P is in 
kilowatts, and N in rev. per min. (I kg-m. per sec. = 9.81 iratts.) 

. „ 9.81 , , 2 -A' , no JWJV . 
'*'"■ ^■■l000'^--60--^-^100O' 



Prob. 4. — How ia formula (3) modified when the shaft is hollow, 
the inside radius being r«? 
Solviion. — 

U.^£=fdx-f'^-i^-r.-) (6) 

or 

M-3,.^.(l-n'), (7) 

where n — — . For a soUd shaft n — 0, and Eq. (7) becomes identi- 
cal with (3). 

Prob. 5. — A hollow shaft has the inside diameter equal to one- 
half of the outside diameter. What is the saving in material, as 
compared with a solid shaft having the same outside diameter, 
and what is the corresponding loss in strength? 

Ans. Saving in material, s = n>— 0.25 = 25 per cent; loss in safe 
resistance to torsion, I = n' — 0.0625 = 6.25 per cent. 

Hint. — The volume of a hollow shaft per centimeter length is 
expressed by 

T(r'-r.') = 'r' {!-«■) (8) 

Prob. 6. — Extend the solution of the preceding problem to 
values of n from zero to unity, and plot the reeults in the form of 
curves, against values <^ n as abscissae. 
Am. n « I 



0.5 25 6.25 
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Prob. 7. — Unerring to the preceding problem, at what value of 
n is the difference between the numerical values of « and { a maxi- 
mum? 

Am. n=-^ = 0.707. 

HirU. — Equate to zero the first derivative of the expression 
(n> - n<). 

Prob. 8. — Show that the solution of Prob. 7 corresponds to the 
value (rf n at which the tangents to the two curves (Prob. 6) are 
parallel to each other. 

Prob. 9. — Two shafts are given, of equal length and weight, 
and are made of the same material. One shaft is solid, the other 
shaft Is hollow and has the inside diameter equal to two-thirds of 
the outside diameter. How much stronger is the second shaft? 
Draw the cross sections of the two shafts to the same scale, for a 
comparison. 

Am. 1.94 times stronger. 

The ratio of the outside diameters is —::. ■= 1.342. 

Prob. to. — Find the value of n at which a hollow shaft has the 
greatest resistance to twist, per unit wefeht. 

Soljilion. — From Eq. (7) and (8) we see that the ratio 

f(l-n') 

must be a maximum. This expression increases indefinitely as n 
and r increase; the maximum value of n is unity, and the maxi- 
mum value of r is infinity, so that theoretically the shaft of maximum 
resistance per unit weight is a tube of an indefinitely large radius, 
with infinitesimally thin walla. This result could have been foreseen 
from the theory of torsion, given above; only the material at the 
periphery of the shaft is stressed to its safe limit, so that, in order to 
get the full advantage of the material, all of it must be concen- 
trated at the periphery, or as near to it as possible. Moreover, the 
periphery must be as far as possible from the center, in order to 
increase the resisting moment of the stresses with respect to the 
axis of the shaft (see F^, 14). Hence, in practice, hollow, thin- 
walled shafts, of as large a diameter as is feasible, approach the 
condition of maximum strength with a minimum weight. 

Prob. II. — Let the requirement of the preceding problem be 
limited by the condition that the thickness of the wall of the hollow 



ra + n") ...... (9) 
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diaft must be not lees than a certun practical limit of t centi- 
meters. Is the result modified thereby? 

Solviion, — The new condition ia expreaeed by: r (1 — n) = (. 
Substituting thia value of r into Eq. (9), we find that the expression 

'■'^ <'«> 

must be a nuudmmn. This expression increases with n, and reaches 
its largest numerical value, equal to infinity, at n = 1. But n - 1, 
with a finite thickness of the wall, means that the radius of the 
shaft must be infinite. Consequently, a hollow shaft, with a given 
thickness of the wall, is the stronger per unit weight, the lai^r its 
radius. This result could have also been foreseen directly from the 
theory of torsion. 

Prob. I a. — Suppose that the student did not see directly that 
y in Eq. (10) reaches its largest numerical value at n = 1. Pro- 
ceeding, then, according to the rule of the calculus, that is to eay, 
equating the first derivative of y to zero, he would find two solutions, 
mi.,n-l± V2. Plot curve (10) between the limits n = - 1 and 
n — + 3, and explain the meaning of the three solutions for n, 
determining, if necessary, the sign of the second derivative. 

Prob, 13. — A hollow shaft has to withstand a given torsional 
moment and be as light as posdble. dlnd its external and internal 
radii. 

Sotulion. r* (1 — n') must be a minimum, with the limiting con- 
dition that r* (I — n') is constant. This latter condition can be 
written m the form: r'.r • (1 - n') (1 + n') - Constant, so that 



1^(1 -n*)- 



Constant 
rd+n')" 



or r (1 + n') — maximum. This is identical with the condition 
(9), so that the solution of Prob. 10 appUes in this case. 

Prob. 14. — The cost of making a shaft increases with its diameter, 
espedally in large sizes; therefore the weight is not the only factor 
which determines the cost of the shaft. Only the weight has been 
taken into consideration in Prob. 10 to 13. In order to see how 
the cost of manufacture can be taken into account, assume that 
the price for rolling, per centimeter of length, is expressed by the 
formula a + frr cents, where o and b are empirical conatonts. The 
price of steel is p cents per cubic centimeter. Find under these 
conditions the dimensions of a hollow shaft which must stand a 
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given toruonal moment, and the cost cf which, per unit length, is 

Sotviion. — Eq, (7) gives 

r^H-n*)^^ -CoasisaA (11) 

The total cost of makisg the shaft, per centimeter of length, includ- 
ing the cost of the nmteri&l, must be a. niinim mn, or 

P-it'(1 —n*)+-a + 6r - minimum. . , (12) 
The usual method of solving equations like (11) and (12) consiBts in 
eliminating one of the independent variables, n or r, and differenti- 
ating with respect to the other variable. It is simpler, however, in 
this particular case, to difierentiate both equations first. Namely, 
the complete differential of expression (1 1) is equal to zero, because 
the expression itself is equal to a constant; the complete differential 
of expression (12) is equal to zero for the values of n and r which 
convert it into a minimum. Thus we have 

3rMr(l - n')- T^.4n'd» - 0; 

2r.dr(l-n')-r'-2ndn + 6'd7- = 0, 
where a new constant 6' is introduced for the sake of abbreviation: 

6' = - (13) 

Eliminating dn and dr from the forgoing two expressions gives, 
after reduction, 

^'-| + »--4 (14) 

The required dimensions of the shaft are found by solving tc^ther 
Eq. (11) and (14). 

Prob. 15. — Apply the solution of the preceding problem to the 
following practical case: A propeller shaft for a large steamer must 
be designed for a maximum twisting moment of 255,000 kg-m., the 
limitmg stress q, not to exceed 250 kg. per sq. cm. The price of 
steel is 40 dollars per metric ton, and the rolling mills charge 25.30 
ddlars extra, per meter length of shaft, for each centimeter of in- 
crease in diameter, above a certain size. 

Sohdion. — The constant in Eq, (11) has the value of 



2 X 255,000 XlOO 



64,9C0cu.cm.; 
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b - ^^- ^ ^ "^ - 12.65 cents per cm. radius, per cm. length; 

where 7.8 ifl the apecific gravity of steel. Therefore, 
,, 12.65 ,„. 

The values of n and r are found either by trials, or by plotting 
the curves represented by Eq. (11) and (14), and determining the 
point of their intersection. 

Ans. r = 41.5 cm.; n = 0.55. 
Prob. i6. — Check the eolution of the preceding problem by 
plotting curve (12) of the cost of the shaft. Take values of n 
between zero and 0.90, and the corrcspoodtDg values of r found 
from Eq. (11). For the same valura of r and n, draw also a curve 
of, the weight of the shaft per centimeter length. Plot both curves 
on the same sheet, against values of n as abscissee. 
Ans. 

n, % r, cm. Weight, kg. Cost, dollars 
40.19 39.59 6.68 + a 

55 41.50 29.43 6.40 + a (minimum) 

90 57.36 15.30 7.87 + 

JVtrfe. — The curves show that, in spite of wide differences in 
we^t, the total cost remains practically constant within a wide 
range of suitable values for n and r. This is because the saving in 
material with larger radii is nearly compensated for by a higher coat 
of rolling. Numerous other conditions, which usually enter into any 
engineering problem, reduce this range of radii to much narrower 
limite. 
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CHAPTER VI. 

MOMENT OF INERTIA OF FLYWHEELS. 

In many machines, such as steam and gas engines, 
pumps, punches, etc., the effort on the shaft varies 
periodically within wide limits. At the same time, the 
speed of rotation must be kept constant within narrow 
limits. This is accomplished by mounting on the shaft 
a heavy wheel (Fig. 15) — so-calhd Jtywheel — which, on 




Kg. 15. —A portion of a. flywheel, 

account of its large inertia, tends to smooth fluctua- 
tions of speed. At moments when the driving power 
exceeds the power actually spent in useful work and 
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friction, the surplus of energy accelerates the machine, 
including the flywheel. But it takes a considerable 
amount of ener^ to accelerate the heavy flywheel; 
therefore, the same surplus of energy changes the speed 
of the machine by a smaller amount than it would 
without the flywheel. When, at a next moment, the 
driving power falls below the required power, the 
machine and the flywheel slow down, giving up a part 
of their stored energy. Here, again, a comparatively 
small reduction in speed is sufficient to liberate a con- 
siderable momentum, stored in a heavy flywheel. 

In brief, the flywheel acts as a storehouse of energy, 
periodically absorbing and releasing it through small 
variations in speed. It must be clearly understood, 
however, that a flywheel is not in itself a source of 
energy; therefore, the average driving power must be 
equal to the average power demanded of the machine, 
otherwise the machine will either gradually speed up 
or slow down in spite of the flywheel. 

The dimensions of a flywheel are determined by the 
condition that, with a given range of fluctuation of 
power, the variations in speed should not exceed a 
given limit. It is therefore necessary to know how to 
determine the amount of energy stored in a flywheel 
of certain dimensions and weight, revolving at a given 
speed. 

Theory and experiment show that the energy pos- 
sessed by a material point of weight p, moving at a 

velocity 5, is E-, where gis the acceleration due to grav- 
ity. If p is in kilograms, and the speed s in meters per 
second, the energy is in kilogram-meters; the accelera- 
tion of gravity g = 9.81 meters per sec'. The foregoing 
expression for energy is true for rectilinear motion and 
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For a circular path. Hence, the energy possessed by a 
flywheel is 

^-tJ"'" '" 

where dp is the weight of an infinitesimal element of 
the flywheel, moving at a velocity s. The integration 
is extended over the whole volume of the wheel. 

Expression (1) can be transformed as follows: Let 
the flywheel revolve at a speed of N revolutions per 
minute; then the velocity of a point, distant x meters 
from the center, is, in meters per second, 

'-^"•i (2) 

Further, if pi is the weight of one cubic meter of the 
material of the flywheel, we have also 

dp = pidv, (3) 

where dv is the corresponding element of the volume. 
Substituting (2) and (3) into (1) gives 

-^•f-^'-/-- ■ • ■ '^> 

Apart from the constant multiplier^! this expression 

consists of two factors, one depending only upon the 
speed of the flywheel, the other only upon its shape 
and material. This latter factor, which properly 
characterizes the flj^wheel itself, with respect to its 
capacity for storing energy, is called its moment of 
inertia. Thus, 

A= Pi I x*dv. . . . (5) 



Moment of inertia = 



Since pi is only a constant by which the results of inte- 
gration are multiplied, we shall confine ourselves 
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chiefly to the geometric moment of inertia, denoted 
here by /. That is 

I'Tx^dv (6)* 

/ is expressed in meters to the fifth power (m.^), when 
the voiume is in cubic meters, and a: is in linear meters. 
The object of this chapter is to show how to calculate 
/ in some important practical cases. 

Prob. 1. — A hollow brass cylinder, with walb 5 mm. thick, 
and of an average radius 0.5 m., revolves around its geometric axis, 
at a speed of 100 rev. per min. How much energy is stored in the 
cylinder, per oeatimeter of its length? Specific gravity of brasB 
is 8.55. Neglect the small amount of energy stored in the light 
spokes which fasten the cylinder to the shaft. 

Solutum. — The thickness of the cyhnder is so eanall, a« com- 
pared with its radius, that the whole volume can be assumed, with- 
out an appreciable error, to be concentrated at the average radius 
of the cylinder. In other words, x in Eq. (6) can be taken as con- 
stant and equal to 0.5 m. The volume of the cylinder per centj- 
meter length is very nearly equal to 2 ir x 0.5 X 5 X 10"* X 10"* - 
15.708 X 10"* cu. m. Consequently, the geometric moment of 
inertia / - (T? X 15.708 X 10"* - 3.927 X 10-* m*. Then, accord- 
ing to Eq. (4), 

^ " {'iom) ^ {^^)*^ ^^^ ^ ^-^^ ^ ^-^^ ^^ 

= 18.77 kg-m. 

Prob. 3. — Deduce from the solution of the preceding proUem, a 
general expression for the moment of inertia of a thin cylinder. 

Ana. /-2.6t.r«', (7) 

where t is the thickness of the rim, 6 its width, and r^ the average 
radius (Fig. 16). 

Prob. 3. — Find a more general expression than the one pv&k 
above, for the moment of inertia of a cylioder, when its thickness t 
is not small as compared with the average radius. 

Solutum. — The cylinder can be considered as conmting of 
infinitely thin concentric shells; the volume of an infinitewnal shell 
a dm > 2 tx • i£e • 6, where 6 is the width of the cjdinder, parallf] 
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to the asia. Substituting this expreauon for dv into Eq. (6) and 
iDtegrating, gives 

7-2x6 rV<ir-^.(r<-r.«), .... (8) 

where r is the outside radius, and u the inside radius of the cylinder. 

Frob. 4. — Show that with the data given in Prob. 1, the moment 
of inertia calculated from formula (7) is practically the same as cal- 
culated by means of the more accurate eiipreBsion (8). 

N(Ae. — In applying formula (S), use tables of logarithms (not 
a slide rule) and be very careful about the last decimals. 

Ans. / - gl- . (63^5* - 0.4975'). 

Prob. s- — The answer to the preceding problem shows that 
formula (8) is inconvenient for numerical computations when the 
thickness of the cylinder is small compared with its diameter. 
Express (8) through the outside radius r and the thickness t of the 
rim, so as to avoid computing a difference of two quantities r* and 
To' nearly equal to each other. 

Sotuiion. — 

'■.-'■-(; ■ (9) 

hence r* - r^' ~ t* - r' + if't - &rV + irP - f; 

or, after reduction, 

/-2,r6(.H[l-1.5(y + /j;j'-0.25(^)'].. . (10) 
The terms within the brackets converge rapidly with small ratios of 
' ; in most practical cases the first two terms are the only ones to be 
considered. 

Prob. 6, — Check the solution of Prob. 4 by means of formula 
(10), and show the advantage of the latter in numerical computa- 
tions. How many terms in formula (10) are needed in this particu- 
lar case? 

Prob. 7. — What is the largest value of the ratio - withwhicfathe 
last two terms in formula (10) can be omitted, provided the error 
must be not over one per cent? 

Sobilion. — Fr<Hn the condition 



-(a 



-0.0932. 
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Prob. 8. — Extend the solution of the preceding problem to 
values of error from zero to 10 per cent, and plot the Faults in the 
form of a curve. 



CL- 



- 1.5 + \/— -1.75 
I_E , 



where p ia per cent error. 
For J) = 



{;l 



0.260 



Note. — For p =0, expression (11) becomes — . To evaluate 

this indefinite form, multii^y the numerator and the denominator 
by p before putting p " 0. In the solution of this and of the pre- 
ceding problem the last term in expression (10) is neglected on 
account of its relative insignificance; otherwise it wotdd be neces- 
sary to solve a complicated cubic equation, and the results would 
be very little different from those obtained above. 

Prob. 9. — Evaluate expresdon (11) for the value p = 0, accords 
ing to the general rule given in the calculus for indeterminate 
expresaions of the form -■ 

Prob. ID. — ■ The required moment of inertia of the rim of a fly- 
wheel is 9.25 m*. The whed is to run at 75 rev. per min., and its 
peripheral speed must not exceed 25 m. per Bee. (safety requirement) . 
ConsideratJons of space limit the width of the rim to 30 cm. Deter- 
mine the necessary thickness t of tbe rim. 

Am. r = 3.18 m.; (- 16.5 cm. 

Hint. — Neglect all the terms but the first in Eq. (10) and calcu- 
late ( in the first approximation. With the value of t ao obtfuned 
calculate the expression in the'brackets, and again solve for I out- 
side the brackets. This will ^ve the value of f in a second approxi- 
mation. If necessary, repeat the process once more. 

Prob. II. — What is the moment of inertia of a solid disk, of 
radius r and width b, about its geometnc axis perpendicular to r? 

Ans. — . 

Prob. 13. — Referring to the preceding problem, divide the disk 
into ten concentric parts, each of which contributes the same 
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amount to the total momeat of inertia, 
circlee on a drawing to scale. 



Kiow the cwic^itric 



Ang. ri = r ^/OTl = 0.5623 r; r, - r ^5^= 0.9740r. 

Prob. 13. — Let the concentric parts, conMdered in Prob. 12, be 
removed one by one, beginning with the inner one. Plot curves or 
tabulate values showing: (a) the amount of reduction in the moment 
. of inertia in per cent of the moment of inertia of the ecdid disk; (&) 
amount of material removed, in per cent of the weight of the solid 
disk; (c) the moment of inertia per unit volume. These curves or 
tables are intended to show the advantage of concentrating as much 
material as possible near the periphery of a flywheel, where the 
speed is at its maximum; in this way the largest possible moment 
of inertia is obtained with the smallest amount of material. 



Inm inUBior. 




IttnOTMl. 


unit voluma 




1 

9 
10 



10 
90 
100 



31.6 
M.9 
100 


0.5 r' X 1.000 
0.5r'X 1.316 
0.5 r" X 1.949 
0.5r'X2 



Prob. 14. — A solid disk, of given dimensions and weight, is re- 
placed by another which is n times as thin, and has the same moment 
of inertia as the first. What is the weight of the new disk, as com- 
pared to that of the old one, provided that the some kind of material 
is used in both? 

Ans. The new disk is Vn times as light. 

Prob. 15. — Formula (6) BU{g;ests the following practical expres- 
sion for the moment of inertia: 



/ ^ft'. 



(12) 



where v is the total volume of the revolving pwt, and k is the 
fictitious radius at which the whole volume must be concentrated 
in order to give a moment of inertia equal to the actual moment of 
inertia of the body. Ex. (12) is much used in practice, and k is 
called the rcbiiua of gyration. Calculate ib for a hollow cyliodo* of 
given d" 
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Sotutum. — The volume of a hollow cylinder is ■* (r* — ro*), 
so that equating (8) and (12) gives 

(r'-r,') _ <r'+r,') 
2 (r« - r,') 

Prob. 1 6. — Prove that the radius of gyration of a hollow cylinder 
is always greater than the average radius t„. 
Proof. — Eq. (13) can be written in the form 

A'= |[(r-. + 0.5()' + (r™-0.50'] = r,' + 0.25(', . . (14) 

where t is the thickness of the wall of the cylinder. Since 0.25 (' is 
poffltive, k > r„. 

Note. — With values of t small compared with the radius r„, 
the radius of gyration k is practically equal to r„, and the latter is 
often used in flywheel calculations for the sake of simplicity. This 
is the more legitimate, as the error is on the safe side, that is to say, 
the actual moment of inertia is larger than the one calculated. 
See also Prob. 18. 

Prob. 17. — Show that curve (c) in Prob. 13 gives values of k'; 
supplement the curves or the table by one giving the values of k. 

No. of cylinders removed, 1 9 10 

Radius of gyration A, 0.7O7r O.SUr 0.987r r 

Prob. 18. — Plot a curve showing per cent error between the 
radius of gyration and the average radius of the rim for rims having, 
for the ratio of — , values from zero to two. The first limit cor- 
responds to an infinitely thin hollow cylinder, the latter to a solid 
cylinder. Plot also the per cent error in the moment of inertia 
when the average radius of the rim is used instead of the radius of 
gyration. 

Sdiawn. — From Eq. (14), i''-/") - 1 X=^, where 

« Vl + c 

With small values of c, the foregoing formula is 
inconvenient for c^culations. Expanding therefore (1 + c)~* 
according to the binomial theorem, we obtain : ^ — " " ■ ^ 



'-{^1 



_3£'. 



. Similarly^ 
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" = 1.0 "-0.25 " = 10.6 " - 20 

"=2.0 " = 1.00 " =29.3 " -50 

Ptob. ig. — Write a general expression for the moment of 
inertia of a rim of variable width (Fig. 16). 



Jig. 16. — A flywheel with the rim of a trapezoidal cross section. 

SolitHon. — Let y be the variable width, parallel to the axis of 
the shaft; then 

dv — 2rx-y-dx (15) 

Substituting this into (6) gives 

I='2w jyx'dx (16) 

In this expression y must be given as a funcljon of the distance x. 

Prob. ao. — Determine the moment of inertia c£ a rim havii^ a 
trapezoidal cross section QNUW (Fig. 16), the parallel sides bnng 
b and c, the height t. 
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Sotuiwn. — Let * = Z. BQN be the angle of inclination of the 
nonparallel aidea; then, from the triangle MNP, MP = NP cot *, 
<x i{y— f>) "■ (f — a;) cot *; whence 

V = (6 + 2rcot*) -2xcot« (17> 

Substttutii^ this vBiae Ol y into (16) gives, after integration: 

/ = x{ (i 6 + r cot *) (r* - ro') - 0.8 cot « (r* - r„') j, 
or, reducing to a form more convenient for caculatione, 
/--r»j(^ + oot*)[l-(^°y]-0.8cot«[l-(^°^']j. . (IS) 
is small compared with unity, Eq. (18) is umpli&d t» 
/_«'^A+o.2cot*y (18a) 

The value of cot « in these exfvesdons is detennlned ham the 
triangle QJV£: 

cot«-cotZRQJV-^^^ (19) 

Prob. at. — Show that for a rectangulsT cross section formula 
(18) becomes identical with (8), and formula (18a) with the answer 
to Prob. 11. 

Prob. 13. — How should formula (IS) be nmdified-for.numeneal 
calculations when I is small compared with r? 

Ar.. /.2^^J6[l-1.5g)+(^)'-...] 

+ reot*[(^')-20y+ . . .]j. . . (20> 

Hint. — See solution to Prob. 5. 

Prob. 33. — Apply formulae (IS) and (20) to the following case: 
6 —20 cm.; c - 30 cm.; t —45 cm.; r = 3 ul 

f Ans. J — 15 m,* (nearly). 

Prob. 34. — What is the radius erf gyration, and the average 
radius of the rim, in the preceding problem? 

Solution. — According to Guldinus' theorem (see Prob. 26), 
the volume of the rim, v - S • 2 x (r — C), where S is the area of 
the cross section of the rim, and f is the distance of the center of 
gravity id the croea section from its outside edge NV (Fig. 16). 
and e~{- ^f°A\^ - SubBtJtutJng the 
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numerical dstA, we G ad v - 1.951 gu. m. H^ioe, aocwdmg to 

Eq. (12), k = \/3L = 2.773 m. The mean radius of the rim 
V 1.951 

r„ =3.00 '— -2.775 m. TbOB, in the case under considera- 

tJon, it 18 accurate enough for most practical purposes to calculate 
the moment of inertia by multiplying the volume of the rim by 
the square of its average radius, instead of using the laora c<HnpIi- 
cated formula (18). 

Note. — Expressions for C used above will be found in various 
engineering handbooks and pocket books, also in some works on 
calculus and mechanics, in the cbapt«ra on center of gravity of plane 
figures. If the student prefers to calculate the volume of the rim 
without the use of Guidinus' theorem, or expression for (', he may 
do so, as is indicated in the next problem. As a rule, however, it 
is recommended that the student of et^ineering should use all 
possible helps in the form of auxiliary relations, tables, etc., when 
solving a particular practical problem, and not to shun them simply 
because he did not have them in his course in calculus or mechanics. 

Prob. 25. — Determine the volume i> required in the preceding 
I»x>blem, without the use of Guidinus' theorem. 

.™. "^^i(F. + -*-{?)']-i-"'*['-(7')"]t- 

Hint. — Substitute the value of j/from Eq. (17) into the general 
expression (15), and integrate iKtween the limits rg and r. 

Prob. 26. — Prove that the volume of a body of revolution is 
equal to the area of its cross section, multiplied by the circumference 
of the circle passing through the center of gravity of this area. This 
is the well-lcnown Guidinus' theorem used in Prob. 24 above. 

Pr«if.— According to formula (15), the volume of a body of 
revolution is 

(21) 



V=2x j xydx. 



f" 



But, according to the definition of the center of gravity, 

j ydx-x =Sxt, (21a) 

irbare xo Is the distance of the center of gravity of the area from the 
same axis from which distances x are counted; in this particular 
case, from the wds of rotation. Compuii^ Eq. (21) Kcd (21a) 
we get : u — 2 in» ■ S, which proves the theorem. 
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Prob. 37, — What is the moment of inertia of a spinning top 
having a rim of circular cross section of radius a (Fig. 17)? Only 
an approximate solution is required, assuming the radius of gyration 
to be equal to the average radius (r — a) of the rim; an exact solu- 
tion is considered in the next problem. 

Am. /-2^aV(r-a)!l-2(^)+(^y{. . . (22) 



:^(") 



Piob. a8. — What is the exact expression for the moment of 
inertia required in the preceding problem? 



Pig. 17.— A cross section of a flywheel with a circular rim. 

Solution. — This is a specific case of integration of expression 
(16) ; instead of expressing y as a function of x, it is more convenient 
in the case of a circle to express both x and y through the central 
angle * (Fig. (17), We have: ^ =asin*; ar -1 r - o- a cos*; 
dx ~ a Bimt' Ati. Substituting these values into Eq. (16), this ex- 
pression involves four int«grals whose values are as follows: 

I eirf *d* = ^; I sin*« cos « (2^ = 0; 

I on' t cos* ttxh =--! f sinV coe^ 4 d^ - 0. 
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So that 

/-2T'or{r-a)jl-2(2j + i.75/?yj. . . (23) 

It will be seen that for small values of the ratio - this expression is 
practically identical with Eq. (22). 

Prob. ag. — Solve the foregoii^ problem vithout introducing 
angles. 

Hint, y - 2 a Vl - 2*, where z = '' ~ " ~ ^ . 

Prob. 30, — At what ratio of - does the error in Eq. (22) reach 
n per cent, as compared with tlie correct solution (23)7 



,_(V?' 



- 1, - -0.104. 

Piob. 31. — A disk of variable width is to be designed so that 
each iiifiiiit«BimaI concentric layer of material should coutribute the 
same amount to the total moment of inertia. What is the shape of 
the profile of the disk? 

Ans. yx' = Constant [according to Eq. (16)]. 

Prob. 31. — Referring to the preceding problem, draw to scale 
the cross section of a solid steel disk, which must satisfy the foUowii^ 
conditions: The disk is to run at a speed of 1500 rev. per min., 
the peripheral speed not to exceed 80 m. per sec.; the diameter of 
ihs ^aft is 20 cm. ; the total energy of the disk must be 8100 kg-m. 
{without shaft). Specific gravity of steel is 7.86. 

Ans. Diameter of the disk is 1.018 m.; width at the periphery 
- 2.41 mm.; width at the shaft = 31.8 cm. 

Prob. 33. — What is the general expression for the moment of 
inertia of each arm (or spoke) of a flywheel (Fig. 15)? 

Ans. According to Eq. (6) 

'x*'»dx, (24) 

where s is the variable cross section of the arm, and must be given 
as a function of x. 



'-£ 
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Prob. 34- — Integrate expression (24) in the first approxiination, 
by AHHiiming the cross section of the arm constant and equal to its 
mean value ««. 

Am. 7 = is„(r„'-r,') (25) 

Prob, 35. — Prove that, for a rough approximation, the moment 
of inertia ot the arms can be taken into account by assuming one- 
third of their weight concentrated in the rim. 

Sotvtion. — Expression (25) can be represented in the form 
/ = i8-,'(ro-rO(i-»'-|-ror, H-n'). 
But 8m • (ro — n) is approximately equal to the volume V of the arm, 
so that 

The two^Iast terms within the brackets are small as compared with 
unity; on the other hand, To is somewhat smaller than the radius of 
gj^ation k of the rim. Assuming that the expression within the 
brackets makes up for this difference, we get approximately 

I-iVk' (26) 

Comparing this with Eq. (12) proves the proposition and justifies 
the ample practical formula 

/wW = (.Wrim + i/W«m) r„', (27) 

which is much used in the preliminary design of flywheels. In thia 
formula W denotes weight, / is the number of arms, and r,„ is the 
average radius of the rim. 

Prob. 36. — Calculate the moment of inertia of an arm more 
accurately than in Prob. 33; namely, assume that the cross sec- 
tion 3 varies according to the straight-line law, between its extreme 
values So and s,. 

Arts. The variable cross section is represented by 

g'A-Bx, (28) 

and Eq. (24) gives 

j_^ W-^'') _fl ('■''- ^') , .... (29) 

where the constants A and B are determined by the conditions 

:::l:£;j- ■, «> 

Prob. 37. — Obtain a still closer value for the moment of inertia 
of an arm, by considering the arms as straight truncated cones. 
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Solv^on. — Let the fictitious vertex of the cone be at a dietaace 
R from the axis of the flywheel. Then, for a croaa section a at » 
distance x from the axle, we have 



Substituting this value of s into Eq. (24) gives after iut«pation and 
reduction 

+°-«(5)'-['-t;ni- ■ ■ ■ <^> 

In this' farm the'expureamon is convenient for numerical calculations. 
The correction terms, of comparatively small magnitude, are 
directly apparent, and the formula resembles the approximate 
expressions deduced in Probs. 33 and 34. The distance R is deter- 
mined from Eq. (31), by applying it to z= n; we have, then. 






When the anna are cylindrical in shape, si - »»; fi = oo ; -^ = 0; 

and Eq. (32) becomes identical with (25), as is to be expected. 

Prob. 38. — A flywheel has a diameter of 4.8 m., and the radial 
thickness of its rim is 38 cm. The wheel is provided ^th 12 arms 
of elhplical cross section; the principal dimensions of the cross 
section at the rim are 4.8 by 8 cm., and at the hub 6 by 10 cm. The 
arms are 1.77 m. long. Calculate the moment of inertia of one arm, 
according to the three approximations craisidered in the previous 
problems. 

An«. I - 0.0106 m.' according to formula (25); 

0.0096 m.' according to formula (29); 

0.0095 m.* according to formula (32). 
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Hole. — Dr. F, R. Sharpe has called the author's attention to the 
foUowing useful fonnula for calculating the monient of inertia <A a 
rim. Let the dlBtauce x between the axis of rotation and a point on 
the rim be represented as a sum of two distances, z* + x,. Here x» 
is the distance between the axis of rotation and a parallel axis pass- 
ing throi^ the center of gravity of the cross section of the rim; 
this axis will be referred to below as the axis BB; xi is the distance 
from the axis BB to the point under consideration. Besides, in Eq. 
(6) we can put dv—2TX'dA, where <Jj1 is an infinitesimal 
element <rf cross section at the point under consideration. Sub- 
stituting into Eq. (6), we get 



x^A 



I ~ C2t (.x> + xi)' dA - 2t{xM + S x,^ Ci 

+ 3 X, jxi^dA + jxi'dA j - 

The first of the three integrals is equal to zero, bdng the static 
mconent of the cross section with respect to the axis BB, passing 
through the center of gravity. We have, therefore, 

/ -2Tlx,'A + 3x,Kt + K,i. 
Here £i is the moment of inertia of the cross seiitjon with respect to 
the axis BB. For usual forms of cross section, expressions for K, 
are given in engineering pocket books. K„ for lack of a better 
name, can be called the cu6tc moment of the cross section, with re- 
spect to the axis BB. If the cross section is symmetrical with 
respect to the axis BB, K, = 0, because to each positive value of 
Xi'dA corresponds an identical negative value. Thus, for sym- 
metrical cross sections, we have smply 

I-2^,\xM + 3Ktl. 
For unsymmetrical cross sections the value of K, has to be calcu- 
lated, BO that the method does not possess any advantage over that 
given in the text above. However, with moderate unsymmetry in 
the shape, the value of iiT, is very small as comptu^ with the two 
other terms in the expression for /. It can, therefore, be n^ected, 
or calculated uuder simi^ying assumptions. 
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APPENDIX. 



By V. Karafetoft. 

1. Fluenc]/ in ordinary malhemalital Irantformation* and cafcuia- 
tion9. College examination problems in elementftry matbematiCB are 
recommended for practice (College Entrance Examination Board, £»• 
amination Questiont in Maihematieg. Ginn & Company, 25 ate.). 

2. Alg^jra. The eolution of simultaneoua and quadratic equa- 
tions. Go back to your textbook and solve a number of problems on 
these topics. Theory and practical use of common and natural loga- 
rithms. Logaiithma of quantitiee nith n^ative and fractional ex- 
ponents, and of quantities leas than unity. A famiUarity with complex 
quantities will help greatly in the understanding of the theory of 
alternating currents. 

3. TrigonotnetiT/. Definitioa of sine, codne, tangent, cotangent; 
the fundamental relations between these quantities, and the limits 
within which they vary. Functions of the sum and of the difference 
of two angles. The Amplest caaes of the solution of triangles. Solve 
a number of examples on these topics from your old textbook on 
trigonometry. 

4. Differential Calculus. A clear understanding of the process of 
differentiation, in the sense of finding the rate of change of a function 
with respect to the independent variable. Become absolutely sure in 
the differentiation of simple algebraic expressions, and of those involv- 
ing sines, connea, and logarithms. Maxima and minima of functions 
of one variable. 

5. InUgral Calevias. A clear understanding of the operation of 
int^ration, in the sense of finding the area of a curve, and also as 
anti-derivative. Make clear to yourself the meaning of the limits of 
integration, and of the constant of integration. Acquire fluency in the 
integration of simple algebraic expreasionB, and of those contaiiung 

* R«priiltad fnun the Pn»eedinaBlof th« SooHty for ths Pronv 
BducaUoii,Va]. 18(1S1D), t). sn. Much viluabla inlDnn ' 
the mecbodi cf Iweliiiig nuthcmaUa to enginseruc Btadoiti will ba b 
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6. Application of mathematiei U> mechaniee and phyaiea. Go over 
your textbooks of physics and mechanics, and select topics irhich 
involve a considerable uae of mathematics. Solve the most important 
problems in theee topics, paying the principal attention to the mathe- 
matical methods employed, rather than to the phymcal side of the 
questions. This wiQ be a valuable preparation for the application of 
mathaoatics to engineering. 

GENERAL REMAKES 

1. Do not try to cover too much in the above outlined pr«^;ram. 
Select a topic in which you are particularly interested, or in which you 
feel particularly deficient, and go over it carefully, before beginning 
the next topic. One subject in mathematics studied thoroughly will 
give you more insight into the general mathematical method, than a 
lai^ field covered in a superficial way and only half understood. 
Many troubles in the understanding of the calculus have their ori^n 
in insufficient preparation in elementary mathematics. Therefore, it 
is advisable to review the principal parts of algebra and trigonometry 
before reviewing the calculus. 

2. Having selected a topic, begin its study by solving a consider' 
able number of problems, so as to acquire a fluency in apphcations. 
R«fer back to theory only in so far as you find difficulties in the solu- 
tion of the problems, or in understanding the reasons for certain rela- 

3. A convenient reftrence book for all the above-mentioned topics in 
elementary mathematics and in calculus is the Mathematical Hand- 
book by E. P. Sower (McGraw-Hill, S3.50). No proofs are gjven in 
this book, but only the principal formulte and rules, arranged in a way 
convenient for ready reference. A somewhat lai^er book is that by 
J. Claudd, — Handbook of Mathematics (McGraw-Hill, S3.50). 

4. Those particularly interested in application of mathematics to en- 
pneering will find a large number of engineering problems with solu- 
tions in tile following works: 

F. M. Sax^hy. A Course in Practical Mathematics (Longmans, 
S2.25). See in particular the examination papers, beginning on p. 396. 
This book is particularly recommended for home study. 

F. CattU. A Manual of Practical Matliematics (Macmillan, S1.50). 

£. O. Blaine. The Calculus and its Applications {Van Nostrand, 
$1.50). 

John Perry. Calculus for En^ne^^s (Longmans, $2.60). 

Chat. P. Steinm«U. Engiaeerii^ Mathematics (McGraw-Hill, S3.00). 

5. Every year some seniors have difficulty in grasping the theoreti- 
cal subjects in engjneoing, simply because of ' insufficient preparation 
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in mathematica. They fail in spite of diligent work, because there is 
no time during the college year to devote to the review of mathenjatica. 
It is therefore urgently recommended that those who feel deScient in 
mathematics go over the subject during the summer before the senior 
year. Not only will poor preparation in mathematics be cODsidered 
no excuse for unsatisfactoiy work in engineering subjects, but, on the 
contrary, it may seriously interfere with graduation. 
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sails s Handbook of Pivblems in Direct Fire.,. 







and II..8vo.e 















Peabody's 

• Phelps's Practical Marine Surveying. 

Putn«n"s Nautical Charts 

Rust's £x-meridian Altitude. Azimuth and Star-Find 

• Selkirk's Catechism of Manual of Guard Duty 



Svo, pUtes oblong 4< 
and Musketry Fencit _ 
24mo, leather, 



Low's Technics 



ASTRONOmr. 



Comstock'3 Field Aslronoi 

it-t>ook on Geodi 

satlse on Practici 

jf Geode 



forE 



Crandall's Text-t>ook on Geodesy and Least S. 
Doolittle's Treatise on Practical Astronomy.. . 
Hay ford '3 Teitt-I 

Hosmer's Aiimutn 

• Text-book on Practical Astronomy 

Uerriman's Elements of Precise Surveying and Geodi 

• Michle and Harbw's PracUcal Astronomy 

Rust's Ex-meridian Altitude, Aiimuth and Star-Fin< 
■ White's Elements of Theoretical and Descriptive A 



3 50 
3 00 
5 00 



• Abderhalden's Pbysii 



CHEmSTRY. 

Chemistry in Thirty Lectures. (Hall s 



iciples of Organic Syntheses. (Uatthewi 



....ubyGOOglC 



Allen's Tables for 



f Animal Nu 
I of Chemistr 



1. (3 00 
3 SO 

3 00 



Austen's Notes for Chemical Students 

Bsskerville's Chemical Elements. (In PrepBTatiot 
Bemadou's Smokeless Powder.— -Nitro-cellulose, ai 



I Theory of the Cell 



Methods of li 

Laboratory Manual of Ini 

^ Inorganic Chemistry. 

(Sabin.) (In Press.) 
B s introauclion to the Rarer Elements. 
Handbook of Blowpii 



♦ Bingham and Whit 

* Blanchard's Syntheuo 
Botller's Varnish Makini 



:'s Thermodynamics 
t's Enzymes and the 
's Modem High Exp 



3 00 

2 OO 

3 00 



inOuantit 



I6m< 



Fowler's Sewage Worts Analyses 

PresMiius's Manual of QuaUMtive Chemical Analysis. (Wells.) 8vi 

Majiual of Qualitative Chemical Analysis. Part I. Descriptive. (Wells.) 8 

OuantitaUve Chemical Analysis. (Cohn.) 2 vob Sv 

When Sold Separately. Vol. 1. %6. Vol. 11, tS. 

Fuertes's Water and Public Health. 12m, 

Furmonand Pardee's Manual of Practical Assaying. Svi 

• Getman's Eiercisea in Physical Chemistry 12mi 

Gill's Gaa and Fuel Analysis for Engmeers 12mr 

• Gooch and Browning's Outlines (.f Qualitative Chemical Analysis. 

Large 12m< 

Grotenfelt's Ptinciplaa of Modem DMry Practice. (Woll.) 12mi 

Groth's Introduction to Chemical Crystallography (Marshall) 12mi 

• Hammarston'a Teit-book of Physiological Chemistry. (Mandel.) Svi 

Hanausek's Microscopy of Technical Products. (Winton.) Svr 

' Haskins and Macleod's Organic Chemistry 12mi 

• Herrick's Denatured or Industrial Alcohol .. ', ..Svi 



'slno 



ic Chen 



• Laboratory Manual ior. Stud 
Dlleman's Laboratory Manual 

(Walker.) 

Text-book of Inorganic Chemi 
Teit-book of Organic Chemist 



iking Alloys and Gra 



Leach's Inspe 
LOb's Electroi 



d Analysis of Pood with Speci 

7 of Organic Compounds. (Loreoft-). 



Reference to Sute 



by Google 



d Practice of Butter-making, Bvo, 



Meyer's Determination 

Third Edition 

Miller's Cymide Process. . . . 



their Vehicles. . 

emieal Laboratory. 

o QuaUutive Analysis ■ 



a Sanitary Standpoint 



tteletaedt's Technical Calculati 
ter's Elementary Teit-boolt of 

^n's Elements of Physical Chemistry 

* Physical Chemistry for Electrical Engin. 



nduitiial tise'. "<Waldo.).'.!l2i 
lugar Works. (BonrhaUs.) I2i 



ic Chen 



• Outllnes.of Organic Chemistry. , 

rse's Calculations used in Cane-sugar Factories 

luir'a History of Chemical Theories and Laws 

I liken's General Method for the Identification of Pure Organii 

Vol I. Compounds of Carbon with Hydrogen and Oxyie 
IS Compounds. (In Preparation.) 



Large Svo. 



Vol. II. 

Vol. III. The Commercial Dyestuffs '. .' Large 

(Ison's Analysis of Drugs and Medicines 13mo. 

Ostnald's Conversations on Chemistry. Part One. (Ramsey.) IZnu 

Part Two. (Tumbull.) 12mi 

<Halland Williams.) Large 12mi 



extile Fabrics..,. 

12ni 

Medidne. (Fischer.), ,12m 
Iss of Minerals and Ststltti 

8v 

tion. (Biddte.) Sv 

8v . 

^teriology, with Special Refer- 



wen and Standage's Dyeing and Cleanini 

Palmer's Praj::tical Test Book of Chemist 

Pauli's Physical Chemistry in the Servie. 
Penfield's Tables of Minerals. Including t 

of Domestic Production 

Pictet's Alkaloids and their Chemical Com 

Poole's Calorific Power of Fuels 

Preseoti and Winslow's Elements of Watei 

encB to Sanitary Water Analysis. 

■ Reisig's Guide to Piece-Dyeing. Svo, 

Richards and Woodman's Air. Water, and Food from a Sanitary Stand- 

Riclietts and Miller's Notes on Assaying 

Riggs's Elementary Manual for Che Chemical Laboratory. 

Robineand Lenglens, Cyanide Industry. (L« Clare.) 8vol 

Ruddiman's Incompatibilities in Prescriptions. , 

Whys in Pharmacy ,... 

* Ruer'e Elements of Metallography. (Mathewson.) 

Sabin's Industrial and Artistic Technology of Paint and Varnish. , 
Salkowski's Phy«ological and Pathological Chemistry. (OmdorS.. . _ .. 

* Schimpf 's Essentials of Volumetric Analysis Large 12mo. 

Manual of Volumetric Analysis. (Fifth Edition, Rewritten) 
• Qualitative Chemical Analysis 

* Seamon's Manual for Assayers and Chemiste Large 12mo 

Smith's Lecture Notes on Chemistry for Dental Students " 

Spencer's Handbook for Cane Sugar Manufacturers lOmo. 

HandbookforChemistsof Beet-sugar Houses 16[no, 

Stockbridge's Rocks 



s Detcriptivi 



[ of Gas 



al Chen: 



ndGas 



i,;.eubvG00glc 



• Tillmim's Elementary Lesson* in Heat 8vo, II SO 

TresdweU's QuiUtalivB Analysis. (Hall.) 8vo, 3 00 

OuanliUtive Analysis. (Hall.) Svo, 4 00 

Tumeaureand Russeirs Public Wator-iupplies Svo. S 00 

Van Deventer'B Physical-Chemistry tor Beeinners. (Boltwood.) 12mo. 1 W 

Venable'e Methods and Devices lor Bacterial Treatment of Sewage Svo, 3 00 

Ward and Whipple's Preahwalef Biotoay. {In Press.) 

Ware's Beet -sugar Manufacture and Refining. VoL I Svo. 4 00 

VoI-II 8vo. 6 00 

Washington's Manual of the Chemical Analysis of Rocks Svo, 2 00 

•Weaver's Military Eiplosivea. Svo, 3 00 

Wells's Laboratory Guide in Qualitative Chemical Analysis Svo, 1 fiO 

Short Course in Inorganic Oualitative Chemical Analysts for Engineering 

Students '. 12mo. 1 GO 

Teit-book of Chemical Arithmetic limo, 1 SS 

Whipple's Microscopy of Drinking-waler. 8vo. 3 50 

Wilson's Chlorination Process 12mo, 1 60 



CIVIL ERGinEERinG. 

BRIDGES AND ROOFS. HYDRAULICS. MATERIALS OP EtJGINEER- 
ING. RAILWAY ENGINEERING. 

• American Civil Engineers' Packet Book. (Mansfield Merriman. Editor- 
in-chief.) 16mo, mor. 5 00 

Baker's Engineers' Surveying Inalrumenls. t2mo, 3 00 

Blxby's Graphical Computing Table Paper IO)X24I inches. 26 

Breed and Hosmer's Principles and Practice of Surveying. Vol. I. Elemen- 



Vol. II. Higher Surveying Svo, 

* Burr's Ancient and Modem Engineering ana the Isthmian CanaL Svo, 

Comstock's Field Astronomy for Engineers. Svo, 

•Corchell's Allowable Pressure on Deep Foundations 12mo. 

Crandall's Text-book on Geodesy and Least Squares Svo. 

Davis's Elevation and Stadia Tables Svo, 

Elliott's Engineering for Land Draiiiage 12rao. 

* Fiebeger'a Treatise on Civil Engineering 8™. 

Flemer'3 Phototopographic Methods and Instruments. Svo. 

Polireirs Sewerage. (Designing and Maintenance.) Svo, 

Freitag's Architectural Engineering Svo, 

French and Ives's Stereolomy Svo. 

GUbert. Wightman, and Saunders's Subways and Tuands of New York. 

(Id Press.) 

* Hauch and Rice's Table:! of Quantities for Preliminary Estimates. . - 12mo, 

Hering's Ready Reference Tables (tjinversion Factors.) ISmo, mor. 



Ives and Hilts's Problems in Surveying. Raihoad Surveying and Geod- 

■ Johnson (J.B.) and Smith's Theory and Practice of Surveying , Large 12mo. 

Johnson's (L. J.) Statics by Algebraic and Graphic Methods Svo. 

• Kinnicutt. Winslow and Pratt's Sewage Disposal Svo, 



Nugent's Plane Surveying... 

Ogden's Sewer Construction, ....-.-... ovo, & uu 

Sewer Design 12mo, 2 00 

Parsons's Disposal of Municipal Refuse Svo, 2 00 

Patton'a Treatise on Civil Engineering Svo, half leather, 7 60 
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Reed's Topoeraphkal Drairing and Sketchins. 4Co 

Riemer's Ehmft-sinkmB under Difficult Conditions. (Coming and FeelB.).8va 

Siebert and Biggin's Modern Stone-cutting and Masonry Svo 

Smith's Manual of Topographical Drawing. (HcMillan.) Svo. 

Sopet'a Air and Ventilalion of Subways 13mo, 

• Tracy's Ejtercises in Surveying 12mo, mor. 1 w 

Tracy's Plane Surveying lemo, mor. 3 00 

Venable'9 Garbage Creniatoriee in America. Svo, 2 00 

Methods and Devices for Bacterial Treatment of Sewage Svo, 3 00 

Wait's Engineering and Architectural Juiisprudence Svo. fl 00 

Sheep, e 50 

Law of Contracts...... Svo, 3 00 

o CoDEtruction in Engineering and 

6 00 



Wilson's Topographic Surveying. 

BRIDGES AND ROOFS. 

Boiler's Prsctical Treatise on the Construction of Iron Highway Bridge! 

• Thames River Bridge Oblong i 

Butt and Pslk's Design and Construction of Metallic Bridges 

Influence Lines for Bridge and Roof Computations 

Du Bois's Mechanics of Engineering. Vol. II Sma 

Poster's Treatise on Wooden Trestle Bridges. 

Fowler's Ordinary Foundations 

Greene's Arches in Wood, Iron, and Stone. 

Bridge Trusses Svo, 2 fiO 

Roof Trusses Svo, I 26 

Grimm's Secondary Stresses in Bridge Trusses Svo, 2 BO 

Heller's Stresses in Structures and the Accompanying Deformations Svo. 3 00 

Howe's Design of Simple Roof- trusses in Wood and Steel Svo. 2 00 

Symmetrical Masonry Arches " 

Treatise on Arches. 

* Hudson's Deflections and Sutically Indeterminate Sireaies Small 4to, 3 SO 

• Plate Girder Design " . ■ " 

* Jacoby's Structural Details, or ElemenU of Design in Heavy Framing, Svo. 2 25 
Johnson. Bryan and Tumeaures Theory and Practice in the Designing ' 

Modem Framed Structures Small V 

* Johnson. Bryan and Tumeaure'a Theory and Practice in the Designing 

Modem Framed Structures. New Edition. Part 1 S> 

• Part II. New Edition. - 8\ 



Part III. Bridge Design 

Part IV. Higher Structures 

Sondericker's Graphic SUtics, with Applications to Trusses, Beami 

Arches 

Waddell's De Pontibus, Pocket-book for Bridge Engineers ISmo 

♦ Specifications for Steel Bridges 

Waddell and Hairington's Bridge Engineering. (In Preparation.) 

HYDRAULICS. 

Barnes's Ice Formation Svo, 3 00 

Baiin's Experiments upon the Contractiofi of the Liquid Vein Itmilag from 

an Orifice. (Trautwine.) Svo, 2 00 

Bovey't Treatise on Hydraulics. Svo, S 00 



j,„ti.db,Googlc 



u Velocity of Water in Op«a Channels. 



Folwell's Water-supply Engineering. , 

Priieli's Wal«r-powBr , 

Pliertes's Water and Public Health 

Wat«-liltralion Works i2mo, 

Ganguillet and Kulter's General Formula for the Uniform Plow of Water in 

Rivers and Olbet Chsnnels. (Hering and Trautwine.) ~ 

Hazen's Clean Water and How to Get It Large 12mo, 

PiltraUon of Public Wala-sjpplis " 

HaielhuTBt's Towers and Tanks lor Water-worlts 

Herschel's 115 Experiments on the CuTying Capacity of Lraree. Riveted 

Conduits. 

Hoyt and Grover^a River Discharge 

Hubbard and BCiefsted's Water-wofks Management and Mainienai 



• Lyndon's Development and Electrical 
Mason's Water-supply. (Considered Prin 



ition of Water Power. 

Svi 

from a Sanitary Stani 



Merriman's Treatise on Hydraul 

• Molitor^a Hydraulics of Rivers 

• Morrison and Brodie's High M 



d SIui< 



• lucoaras s i^aooratory iNotes on inoustnal Water Analysis. . ...... 

Schuyler's Reservoir for Irrigation, Water-power, and Domestic Water- 
supply. Second Edition, Revised and Enlarged Large 

• Thomas and Watt's Improvement of Rivera 

Tumeaure and Russell's Public Water-supplies. 8vo, 

• Weemann's Design and Construction of Dams, eth Ed., enlarged.. 

Water-Supplyot theCityot New York from 1958 to 189S 

Whipple's Value of Pure Water Large 12rao. 



'5 Hydra 



rabies.. 



,.8v< 



MATERIALS OP ENGINEERING. 



Baker' 



Treatise on Masonry Construction 8vo, 5 00 

Black's United States Public Works Oblong 4to, 6 00 

Blanchard and Drowne's Highway Engineering. (In Press.) 
fileininger's Manufacture of HydrauUc Cement. (In Preparation.) 
Bottler's Vamisli Making. (Sabin.) (In Press.) 

Burr's Elasticity and ResisUnce of the Materials of Engineering. Svo, 7 50 

Byrne's Highway Construction Svo, 6 00 

lospectionof the Materialsand Workmanship Employed in Construction. 



(Siureh's Mechanics 
Mec: 



lttn» 



3 00 



A Solids (Being Parts I, II, III of Mechanics ol 



Du Bois's Mechanics of Engineering. 

Vol. I. Kinematics, SUtics. Kinetics Small 4to, T fiO 

Vol. II. The Stresses in Framed Structures, Strength of Materials and 

Theory of Flexures ."Small 4to, 10 00 

Eckel's Building Stonea and Clays. (In Press.) 

• Cements, Limes, and Plasters 8vo, 6 00 

- " yFoundations 8¥0, 3 50 



HoUi 



's Slru. 



, and Varnish Products. (In Press.) 

Lead and Zinc Pigments Large 12mo, 3 00 

Hubhard'i Duit Prcvcativn and Road Binders Svo, 3 00 
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Johmon'B (C. M.) Rapid Methods for the Chemical Analiraisof Special Steeli. 
Stcel-makiDS Alloys and Graphite. ... ' „ " . . 

Johoeoo'a (J. B.) Msleriala of Coasiruction Large 8vo. 

Keep's Cast Iron 

Lansa'a Applied Meclianics. ...,-.....-.- 

Lowe's Paints [or Steel Structures. 

Maire'a Modem Pigmeats and their Vehicles... 

Ha^irer's Technical Mechauica. 

Herrill's Stones tor Building and Decoration... 
Uertiman's Mechanics of Materials 

• Strength of Materials 

Hetcslf's Steel. A Manual for Steel-u: 
Morrison's Higl 
• Murdock's St 
Patton's Pracli 

Rice's Concrete Block Manufacture 6 

Richardson's Modem Asphalt Pavement. f 

Richey's BuildbB Foreman's Pocket Book and Ready Reference, 16mo. n 

* Cement Workers' and Plasterers' Edition (Building Mechanics' Ready 



yEngii 



if theClay-v 
'echnology oE 



uildicg Mechani 
d Uses. 



the United 



Textbook 01 
• Taylor and Tht 

Thurstoi- "" 



ilnfoiced Concrete D 



3 80 
2 00 

a 00 



Parti. 



Non 



netallic Mate 
and Steel,, 



n Brasses. Bronies. a 



Metallurgy. . . 

. OUier Alloys and their 

8 

g 

Concrele Construct! 



Part 11, 

Part III. ATi 

Tillaon's Street Pavements and Paving Materials. 

Tumeaure and Hanrer's Principles of Reinfbrct 

Second Edition, Revised and Enlarged. . 

Waterbury's Cement Laboratory Manual 

Laboratory Manual for Testing Materials of Construction. (In Press.) | 
Wood's <De V.) Treatise on the Resistance of Materials, and an Appendix on 

the Preservation of Timber 8vo, 

Wood's (M. P.) Rustless Coalings: Corrosion and Electrolysis of Iron and 



RAILWAY ENGINEERING. 

Andrews's Handbook for Street Rtulway Engineers. 3 XS iacbsi, m 

Berg's Building! and Structures oF American Railroads 4 

Brooks's Handbook of Street Rajlroad Location ISmo. n 

• Buti'b Railway Station Service 12i 

Butts's Civil EnEineer'i Field-book IflOio. m 

Crandall's Railway and Other Earthwork Tables 8 

Crandall and Barnes's Railroad Surveyine lOrao. w 

• Crockett's Methods for Earthwork CompuUlions S 

Dredge's History of the Pennsylvania Railroad, (1879) Pa[ 

Ksher's Table of Cubic Yards Cardboard, 

Godwin's Railroad Enginwn' Field-book and Explorers' Guide . Iflmi 
Hudson's Tables for Calculating the Cubic Contents of Excavations ac 

bankments 

Ivea and Hills's Problanu in Surveying, Railroad Surveying and Gaode 

UoUtor and Beard's Manual for Resident Engineer*..., 



...^uLyCoOglC 















Raymond'B Railroad Field Geametry 


....16™, mor. 
















8vo, 






Wdlinglon's Economic Theory of the Location of Railways 
Wilson's Elements of Railroad-Track and CooatroctioQ 


....Large 12mo. 
13n.o. 



DRAWIHG 

Bur and Wood's Kinematics of Machinery Svo, 

• Bartlett's Mechanical Drawing Svo, 

• '■ ■■ ■■ AbridgedEd 8vo, 

• Bartlett and Johnson's Engineering Descriptive Geometry 8vo, 

BleESlne and Darling's Descriptive Geometry. (In Press.) 

Blements of Drawing. <In Press.) 

Coolidge and Freeman's Elements of General Drafting for Mechanical Engi- 
neers. Oblong ■ 

Durley's Kinematics of Machines 

Emch's Introduction to Projective Geometry and its Apfliication 

Hill's Text-book on Shades and Shadows, and Penpectivt 



tlDraw 



Jones's Machine Design: 

PartL Kinematics of Machinery 

Fart II. Form, Strength, and Proportions of Parts 

• Kimball and Barr's Machine Design 

UaeCord's Elements of Descriptive Geometry 

Kinematics: or. Practical Mechanism 

Mechanical Drawing. 

Velocity Diagrams 

McLood's Descriptive Geometry. 

* Mahan'i Descriptive Geometry and Stone-cutting, . . 

industrial Drawing. (Thompson.) 






and Sketching. ........ 

(Elementary and Advanced 
rawing and Elementary Mac' 



's Topographical Dra 
d's Mechanical Draw 
Test-book of Mechani 

nson's Principles of Mechanism 

amb and Merrill's Elements of Mechanis 
li (A. W.) and Marx's Machine Design... 
liB (R. S.) Manual of Topographical Dra 
sworth's Elements of Mechanical Drawiti 
1 and North's Descriptive Geometry. ( 



ifMac 



le Consti 



y Probli 



md Dra 



le Linear P- 



Manual of Elementary Projection Drawing 

Plane Problems in Elementary Gsometry 

Wdsbach's Kinematics and Power of 'Tranaoiisslon. 

Klein.) ;.... 

Wilson's (H. M.) Topographic Surveying. 

• Wilson's (V. T.) Descriptive Geometry 

Free-band Lettering. , 

Free-hand Perspective 

Woolf's Elementary Course in Descriptive Geometrr- ' ■ ■ • ■ 

10 



by Google 



ELECTRICITY AHD PHYSICS. 

• Abtgg's Theory of Electrolytic Dissoeintion, (von Ende,! 12mo, % 

AndrewB'g Hand-book tor Street Railway Engineers. 3X5 inches mor. 

Anthony and Ball's L«cture-not« on the Theory ol Electrical Measure- 

menu. 12nio, 

Anthony and Biscketl's Text-book □{ PhysicB. (Uogie.) Large 12ma. : 

Beniamin'a HistcMy of Electricity 8va, ! 

BetU'sLead Refining and Electrolyas Svo, ' 

BurgesB and Le Chatelier'i Meamrement of High Temperatures. Third 

Edition. <Ia Press.) 
Classen's Quanliutive Chemical Analyaia by Electrolysis. (Boltwood.J.Svo 

• Collins'E Manual oE Wireless Telegraphy and Telephony 12mo 

Crehore and Squier's Polartiinfi Photo-chronograph Svo 

• Danneel's Electrochemistry- (Merriam.) 12mo 

Dawson's "Engineering" and Electric Traction Pocket-book 16mo, mor 

Doleialek'i Theory of the Lead Accumulator (Storage Battery). 



id Chen 



12mi 



•Han 



's De Magne 
s Allen 



(Mottelay ) . 
■ ig Cum 






's lleady Reference Tables (ConverAin Paetors) 16mo, n 

• Hobarl and Ellis's High-speed Dynamo Electric Mi ' 
Holman's PreciKion of Measurements 

Telescope- Mirror-scale Method. Adjustments, ar 

• Hutchinson's High-Efficiency Electrical Illumini 

Large 12mo, 
Jones's Electric Ignition. (In Press.) 
KarapetofE's Experimental Electrical Engine< 



lulyus. (Tinf^.) 

of Organic Compounds 

It and Electrical Di^tril 

>n Eleclrooutgnetic Phenom< 



t Machines. . 



•Vol. II..,, ,. 
Kinibrunner's Testii 
Landauer's Spectrun 
Lab's Electnichemis 

• Lyndon's Devek>pi 

• Lyons's Treati 

• Miehies Elements of Wi 

• Morgan's Physical Chemistry for Electrical Engineers 

• Norris's Introduction to the Study of Electrical Engii 
Norria and Dennison's Course of Problems on - — 

Circuits and Machine. (In Press.) 
" Parshall and Hobart'a Electric Machine Di 
Reagan's Locomotives: Simple, Compound, 



of Water Piiwer. .8vo, 
ols, I. and tl. 8vo. 
mci and Light.... 



Electrical Charai 



enberg's Electric 



(Haldan 



3 50 
2 50 

2 OO 

3 OO 
3 OO 
3 00 

e 00 



abie's Elements of Electricity 

and Pitcher's Manual of Laboratory ] 
s Modem Electrolytic Copper Refinini 
.ters's Commercial Dynamo Design . , . 



Brennan's Hand-b 



LAW. 

f Useful Legal Infot 



a for Business Men. 



6 OO 
2 50 

7 OO 



i„.euLvGoogic 



a Coiutraction ia Engiiiecims ud 



KATHEKATICS. 

B»ker'5 Elliptic FuncCioiiB. ._ .. 

Briggia ElomeBts oi PIbtm Analytic Geometry. (BOdwr.) 12mo. 

* Bschsiuui's Plane ODd Spherical Trismometry ~ 

Byerly's Hamionk: Functions 






)£ Logarithmic Computatjona. ] 2mo» 

• Dickson's CollcEH Algebra Lane ISmo, 

• Introduction to the Theory of Algebraic Eguationa. Large 1! 

Bmch's Introduction to Proiective Geometry and iu Application 

Fiske's FunctionG of a Complex Variable 

"iltted'B Elementary Synthetic Geometry. 



Elen 
• Ratioi 



taof Geo 



etry... 



. .IZnu 



Synthetic Projective Geometry 

* Hancock's Lectures on the Theory of Elliptic Functior 

Hyde's Grassmann's Space Analysis. Svo, 

•Johnson's (J. B,) Three-place Logarithmic Tables: Vest-pocket si: 



<n heavy cardboard. 8 



Johnson's (W. W.) Abridged Editir 






id Integral Calci 
X^rge 12mo. 1 

Curve Tracing in Cartesian Ce-ordinates II 

Etifferential Equations Svo, 

ElemenUry Treatise on DifTerential Calculus Large IZmo, 

Elementary Treatise on the Integral Calculus Large 12mt 

•Theoretical Mechanics 12m< 

Theory of Errors and the Method of Least Square*. 12mo, 

Treatise on Differential Calculus Large I2mi 

Treatise on the Integral Calculus Large 12m( 

Treatise on Ordinary and Partial Differential Equations. . .Large 12mi 

* Karapetoff's En^neeringApplicatiana of Higher Mathematics. Large I2mi 
Koch's Practical Mathematics. Iln Press.) 

Laplace's Philosophical Essay on Probabilities. (Truscott and Emory.) , llm< 

• Le Measurier'a Key to Professor W, W. Johnson's Differential Equations 

Small 8ti 

• Ludlow's Logarithmic and Trigonometric Tables &v< 

* Ludlov and Bass's Elements of Trigonometry and Logahlhmic and Other 

* Trigonametry and Tables published separately Each. 

Mactarhme's Vector Analysis ■ " ■ ■ 
HcMahon's Hyperbolic ~ 



imbersai 



nby 



. . 12m< 



Mathematical Monographs. Edited by Uanslield Hen 

S. Woodward Ocuvo, eacl 

No. 1. History of Modem Mathematics, by David Eugene Smith. 
No. 2. Synthetic Projective Geometry, fay George Bruce Halsted. 
No. 3- Determinants, by Laenas Gifford Weld. No. 4. Hyper- 
bolic Functions, by James UcMahon. No. 5. Harmonic Func- 
tions, hy William E. Byeriy. No. a. Grassmann's Space Analysis. 
by Edward W. Hyde. No. 7. ProfaafaiHty and Theory of Errors, 
by Robert S.Woodward. No. 8. Vector Analysis and Quateniions. 
by Alexander Uacfarlane, No. 9. Differential Equations, by 
William Woolsey Johnson. No. 10. The Solution of Equations, 
by Mansfield Merriman. No. 11. Functions o( a Complex Variable, 
by Thomas S, Fiake, 

Maurer's Technical Mechanics Svo 
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■ Montz's Elements of Plane Trigonometry 8vo. f2 00 

Rics and Johnson's Differential and Integrsl Calculus. 2 vols, in one. 

Large 12mo. 1 BO 

Elementary Treatise on the Differential Calculus Large 12mo. 3 00 

Smith's History of Modem Mathematics 8vo. 1 00. 

* Veblea and Lennes's Introduction to the Real Infinitesimal Analysia of One 

Variable 8vo. 2 00 

* Waterbury's Vest Pocket Hand-book of i 



* Enlarged Edition 



Lg Tables 



2)X5J Inches, mor. 



HECHAHICAL EnGinEERIHG. 

UATERIALS OP ENGINEERING. STEAM-BNGINES AND BOILERS. 



























Carpenter's Heating and Ventilating Buildings 


l-c 


"";: 


!!8vo 
..Svo 


3 60 
« 00 






Compton'a PirsC Lessons in Metal Working. 






12mo 
12mo 

^^ 
ng4to 
12mo 

12ino 


I 50 


CooUdge and Preeman's Elements of General Drafting for U 










1 50 






















Larg, 


12mo 
lamo 
IZmo 
l2mo 








3 00 


Gill's Gas and Fuel Analysis for Enginesri. 






1 2S 


• Greene's Pumping Machinery 

Hering's Ready Reference Tables (Conversion Factors) 


■.■l»™ 


..8vo 


4 00 
2 50 






































Machine Design: 




Part II. Form. Strength, and Proportions of Parts. 
* Kaup-B Machine Shop Practice 
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..Svo 
12n.o 


Im 






♦ King's ElemenUt ol the Mechanics of Materials and of 


Pd 


verof 


Tranfr. 






























and Dean).. 8vo 


400 






Velocity Diagrams 
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's Hindbook of Small Tools Large 12mi 

hall and Hobart's Electric Machine Desisn. Small 4to. half leathei 
e'a Comproud Air Plant. Second Edition, Raviudand Enlarged. 3v( 



It-book of Median i 



odynamics. (In Press.) 






at. (In Press.) 


nleal Drawing and Elemenury Machin 


e Design, 











1 in Alcohol Engines. (Woodws 



Thursl 



achine and Pric 



Mill Work... S< 

18n 

Oblong 8' 



Treatise on Friction and Lost Work in Machi. 

• Tillaon's flomplete Automobile Instructor 

• Titsworth's Elements of MochaniCBl Drawing. . . 
Warren's Elements of Machine Construction and ! 

• Waterbury's Vest Pocket Hand-book of Mathematici for Engineers. 

2iX5| inches. 

• Enlarged Edition. Including Tables 

Wdsbach's Kinematics and the Power of Transmission. (Hemns 



Klein.) 



(Ker 



nn— Kleit 



MATERIALS OF EUGIHEERIRG. 

tticity and Resistance of the MateriaL 
inics of Solids (Being Parts I, 11, III a\ 



Analysis of Paint and Vamish Products. (In Press.) 

!ad and Zinc PigmcDta Large 12m^ 

's (C. M.) Rapid Methods for the Chemical Analysis of Special 

Steeb, Steel- Making Alloys and Graphite. . ........ .Large IT 

's (J. B.) Materials of Construction 



<C Materiala and ol 



Keep's Cast Iron, . 

• King's Elements of the Mecl 



Lanza's Applied Mec^nics. . .................. 

Lowe's Painu for Steel Structures 

Maire's Modem Pigments and theiT Vehicles 

Maurer's Technical Mechanics 

Merriman's Mechanics of Materials 

* Strength of Materials 

Metcalfs Steel. A Manual for Steel-users. 

* Murdock's Strength of Materials 

Sabin's Industrial and Artistic Technology of Psii 

Smith's (A. W.) Materials of Machines. 

■ Smith's (H. E.) Strength of Material 

Thurston's Materials of Engineering 

Part I. Kon-metalllc Materials of Engineeri 



t II. Iron i 






d Other Alloys and tl 



.....uLyGOOglC 



bury's Laboratory Mannal for ' 
'a (De V.) Elements of Analytics 



an Appendix 
lilecirolyaisof I'l 



>, (3 00 
). 2 00 



STEAU-EnCIMES AND BOILERS. 

12 

ns on tlie Motive Power of Heat. (Thimiton.) 12 

Item Making. 12 

,-engine and other Heat Moton ( 

eering" and Electnc Traction Pocliel-book....l6mD, n 



Mechan 
Kent's Steal 
Kneasa's Pr. 



s of Steam and Other Vapors a 



le Steam Turbine 



d Other Heat-engine 



I of Revenible Cycles in Gases ai 



Reagan's Locomi 



andbook of Engineering Laboral 

^am-boiler Practice 

Notes on Tbennodynamica. . . , 



Idler Trials, and the Use of the Indi. 



Part II. Desisn. Conai 



S 00 
1 50 

S 00 
10 00 

a 00 



, (Pati 



Weisbach's Heat. Steam, and St< 
Whilham's Steam-engine Design. 
Wood's Thermodynamics. Heat ) 



.. (Du Bois.) 

Refrigerating Machines. . 
MECHAHICS PURE AHD APPLIED. 



■t IV of Mec! 



>f Engii 



Mechanics (A SoUdi (B< 
Notes and Examples in 



1 1. II, III of Mechanics of Engine 



i„.eubvG00glc 



)r Colleges and Schools .12iiio, %l S< 



• Greene's Sini' 

• Hartmann's I 
Jamess Kinemi 






Mechan 



1, III. Mechanics of Materials 

Technical Mechanics 

of Mechanics, . 






'a Elements of Analytical Mechanics 

n's Principles of Mechanism^ ■ ^ - . ^ . - . . , . 

sanbom's Mechanics Problems 

Schwanib and Merrill's Elements of Mechanism. . 
Wood's Elements of Analytical " 
Pijnciplee-of Elementary U 






UEDICAL. 

Physiological Chemistry in Thirty Lectures. (Hall s 
(Bolduan.).' '. '. '.'.'.'.'.' '.'.'.'i2t 



von Behring's Suppression of Tuberculoa 

* Bolduan 's ImmuDe Sera 

Bordet's Studies in Immunity. (Gay.) . 



Ehrlich's Collected Studies 



■Oedea 



..Large IZm 



iology of Alimentation , .Large 12mi 

• de Fursae's Manual of Psychiatry. <Rosanoff and Collins.) . . . Large I2mi 

• Hammarsten's Text-book on Physiological Chemistry. (Mandel.)-. . .8vi 
Jackson's Directions for Laboratory Work in Physiolojpcal Cheinistry . .8vi 

Lassar-Cohn's Praxis of Urinary Analysis, (Lorene,) 12mi 

Mandel's Hand-boolt for the Bio-Chemical Laboratory 12mr 

■ Nelson's Analysis of Drugs and Medicines 12nu 

• Pauli's Physical Chemistry in the Service of Medicine. (Fischer.).. 12mi 

• PoMi-Eacofa Toxins and Venoms and their Antibodies. (Coho.). . 12mi 
Rostoski's Serum Diagnosis. (Bolduan.) 12mi 

Whys in Pharmacy 12mi 

Salkowsld's Physiological and Pathob^al Chemistry. (Omdotff.) 8vi 

• Satterlee's Outlines of Human Embryology. 12in( 

Smith's Lecture Notes on Chemistry for Dental Students Sv( 

•Whipple's Tyhpoid Fever Large 12mo, 

• WoodhuH's Military Hygiene for Officers of the Line Large l2nio, 

* Personal Hygiene. . ......,, 12mi>- 

WoTcester and Atkinson's Small Hospiuls EstabUshment and Maintenanc 
IS for Hospital Archi lecture, will 






..12m( 



METALLURGY. 

Lg by Electrolysis 
dia of Founding i 
tice of Moulding. 



lary o£ Foundry Ten 



4 00 
3 00 



i„.eubvGoqglc 



lUurgy. (Hall and Hayward.) 

Chatclier's Meuuiem«it of High Tempoat 
(In Press.) 
Douglas's Untechnical Addresses on Technicsl Subjects. 



Goesel's Uinerals ai 



A Refer* 



's Lead-amelting. . 

Johnson's Rapid Methods for the Chemical Analyus st Special Steele, 

Steel- maMne Alloys and Graphite LsJBe 12on 

Keep^s Cast Iron -..-.-.-.------.-. ^ . ^ ^ . ^ . ^ ^^ -.-.-. ^ •• ^ . ^ • - Svt 

Uslcalf's Steel. A Manual for Steel-users. 12nu 

Uinet's Production of Aluminum and its Industrial Use. (Waldo.). . 12mi 
Palmer's Foundry Practice. <In Press.) 

•Price and Meade's Technical Analysis of Brass 12mo, 

* Ruec's Elements of Metallography. (Mathev 

Smith's Materials of Machines 

Tate and Stone's Foundry Practice 

Thurston's Materials of Engineering. In Tbret 

Part r. Non-metaltic Materials of Bngin< 
pages. 

Part II, Iron and Steel 

Part III. A Treatise on Brasses, Bronzes, 



MINERALOGY. 



ocket Hand-book of Minen 



s's'Gold and Silvei 
First Appendix tf 
Second Appendix 



Dana's New "Systen 



Bakle's Mineral Tables. - 



ation of Rock-forming Mineral 
' Guide to Qualitative Ane 
Minerals: Their Occurrence ai 



in Thin Sections. 8vo. 
With T^umb Index 



id Record of Mineral Testa. 



Tables of Minen 



acts and Rock Minerals 

Synopsis of Mineral Characters. . 
i: Their Ocemrtnce. Properties a 



i„.eubvG00glc 



• Wbs and Leighton's Hlatory of the Clax-worVing inauacry of tl 

States 

• Rowe's Practical Mineralogy Simplified.. 

• Tillmen's Text-book of Important Minerals aod Rocks 

Wastuagton'B Manual of the Chemical Analysis of Rocks. 



Douglas's Untechnical Addresses on Tec 

Eissler's Modem High Explosives 

Goesel's Minerab and Meoals: A Refenn 
Ihlseng's Manual of Mininff. 

* Iles's Lead Smel^g 

* Peele's Compressed Air Plant 

Riemer's Shaft SinkinB Under Difficult d 

•Weaver's MiUtary Explosives 

Wilson's Hydraulic and Placer Mining. 2d edition, re' 

Treatise on Practical and Theoretical Mine Ventilt 

SAHITARY SCIENCE. 

Association of State and National Pood and Dairy D< 

Meetina, 1906 

Jamestown Meeting. 1007 

* Bashores Outlines of Practical Sanitation 



(Coming and Peele.) 



'3 The Sourc 
Sewerage. 



d Modes of Infecl 



2 50 
1 SO 

3 00 



* The Water Supply, Sewc 

izen's Clean Water and Ha 
Filtration of Public Wat. 
t, Winslow and Pn 



ie, and Plumbing of Modern City Buildicgs. 
to Get It I.aTge li 



Leach's 

Control 

Mason') Examination of Water. (Cbemici 
Water-supply. (Considered principall 



's Djsposal of Municipal Refuse 

L and '% mslow s Elements of Water Bacteriology with Special 

ence to Sanitarv V. ater Analysis 
s Handbook on Sanitation 



2 sa 

2 00 

3 00 

2 00 



Cost of Livmg a 
Cost of Shelter 
* Richaidi and Williaaii s Dietary Computi 



12nio 1 00 



L Lioog Ic 



mSCELLAHEOUS. 

• Chaina'B How to Enamel 12nio, |1 00 

Emmons's Geob^CKL Guide-book of Che Rocky Mountain Excursion of the 

International Congress of Geologiila Large 8vo 1 60 

Fetrel's PoDular Tceatise on the Winds. Svo, 4 00 

Pitigeiatd'B Boston Machinist ISmn. 1 00 

GmiDBtt'a Sutistie»l Abstract of the World 24mD, 7S 

Haines's American Railway Management I2nio. 2 90 

Honsusek's The Microacopy of Technical Products, (lyinton) 8vo, 5 00 

Jacobs's Betterment Briefs. A Collection of Published Papers on Or- 

eaniied Industrial Efficiency 8vo. 3 50 

Metcalfe's Cost of Manufactures, and the Administration of Workshops. .Svo. 5 00 

Putnam's Nautical Charts Svo, 2 00 

Ricketts's History of Rensselaer Polytechnic Institute 1824~lSe4. 

Large 12ma. 3 00 

Rotherhsm'a Hmphaaiied New Testament. Large Svo, 2 00 

Rust's Ex-Meridian Altitude. Azimuth and Star-finding Tables Svo G 00 

Standage's Decoration of Wood, Glass, Metal, etc 12ma Z 00 

Thome's Structural and Physiological Botany. (Bennett) lOmn. 2 2S 

Wesiermaier's Compendium of General Botany. (Schneider) Svo, 2 00 

Winslow's Elements of Applied Microscopy 12mo, 1 SO 



HEBREW AND CHALDEE TEXT-BOOKS. 



Gesenius's Hebrew and Chaldee Lexicon to the Old Tesi 

(Tregelles.) Si 

Green's ElemenUrv Hebrew Grammar 
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